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1.1. BACKGROUND 
 
The recent rise of technological methods for structuring materials at the na-
noscale has attracted much interest in the scientific community. The ability to 
modify matter at the nanometer level has opened scientist the possibility to de-
velop and study nanomaterials which, due to their nanostructural features dis-
play new exotic effects.  
Even though nanotechnology is here, real life applications are still to be de-
veloped. One particular field in which nanotechnology may play a major role in 
future discoveries is biology. The complex reactions that make life possible con-
sist in physico-chemical interactions occurring at the nanoscale level. Therefore, 
the ability to control both the structure and the chemical features of materials in 
the nanoscopic range is of great interest in biomedical applications such as drug 
delivery, tissue engineering or biosensing. 
From the applications mentioned, biosensing is especially interesting for its 
tremendous possibilities. The first biosensor developed, the glucose biosensor, 
revolutionized medicine by providing diabetic patients the possibility to gain 
some control over their condition with a simple test that allowed them to moni-
tor their glucose level throughout the day and adjust insulin dosage accordingly. 
The great success of this first biosensor has resulted in a great commercial mar-
ket for these devices that is expected to exceed 14000 million USD in the fol-
lowing years. From this first glucose sensor, research on biosensing has ad-
vanced significantly and has broadened the applications of the biosensors devel-
oped beyond point-of-care devices. Nowadays, scientific works in which bio-
sensors are present include diverse topics such as cellular interaction studies or 
drug discovery. 
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The application of novel nanostructuring methods to existing biosensing 
techniques show promising results in the development of more sensitive and 
smaller devices which may revolutionize once again the biomedical industry. 
 
1.2. OBJECTIVES 
 
The main aim of this thesis consists in the development of optical biosensors 
which are able to detect the analyte of interest by monitoring the interferometric 
pattern arising from the phase difference between the top and bottom reflection 
occurring when a nanostructured transparent thin film is illuminated with white 
light.  
For this purpose, nanoporous anodic alumina (NAA) was used as the thin 
film. Therefore, the first objective during the course of this Ph.D. was to under-
stand the fabrication procedure for thin films of NAA and establish a stable and 
repeatable protocol based on self-ordered pore arrays. 
 Another important objective was to learn, understand and perform an appro-
priate characterization for the NAA thin films. The main core of the characteri-
zation techniques used throughout this Ph.D. thesis consists mainly on scanning 
electron microscopy (SEM) picture analysis as well as optical characterization 
such as reflectometry and transmission spectroscopy in the UV-Vis-NIR or pho-
toluminescenc spectroscopy. 
Apart from these two objectives presented, the development, testing and op-
timization of innovative optical interferometric structures based on NAA for 
biosensing purposes were the main goals. To fulfill this ambition, three struc-
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Introduction 
11 
 
tures were studied during the Ph.D. studentship: monolayers, double layers, and 
1-D photonic crystals (rugate filters). 
 
1.3. STRUCTURE OF THE THESIS 
 
The following chapters of this Ph.D. thesis are organized as follows: 
Chapter II presents the main concepts of biosensing. After a brief historical 
introduction highlighting the main breakthroughs in the field and the ideal com-
position of a biosensing device, the most common techniques used for the detec-
tion of biochemical interaction events are presented. Finally, the basic theory 
regarding biosensing as well as the main applications of biosensor devices in 
recent years are discussed. 
Chapter III is second introductory chapter dedicated to NAA. The history of 
anodic alumina is detailed as well as the most common fabrication procedures. 
Apart from that, structural characterization with SEM as well as optical charac-
terization by means of reflectance and photoluminescence spectroscopy are pre-
sented in order to outline the optical properties of NAA and its correlation with 
the nanoscopic features. 
Chapter IV shows all the work made during the Ph.D. related with NAA thin 
monolayer films. The basics of RIfS biosensing using NAA single layers are 
explained, along with the key features that can be used to tune the optical prop-
erties of the thin film. Finally, an optimization study of the NAA structure is 
presented theoretically along with an experimental validation of one of the most 
crucial parameters: the pore diameter. 
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Chapter V shows the work related with NAA double layers. The principle of 
action of double layer biosensors with the ability to self-referenciate, and the 
data processing algorithm used are explained in detail. An optimal NAA double 
layer interferometer structure based on size exclusion self-referenciation  is pro-
posed based on the knowledge presented in chapter IV and experimental results 
from NAA double layers manufactured under different conditions. Finally, the 
proposed structure was tested to assess its size exclusion performance and the 
results are discussed. 
Chapter VI presents an innovative NAA photonic structure: the rugate filter. 
Some of the basic details on how photonic crystals work are presented as an 
introduction. Also, the fabrication procedure developed is explained and the 
critical parameters involved in the performance of the reflection band arising 
from the multilayered structure are studied. Finally, one rugate filter structure is 
tested to assess its sensing possibilities and an optimum rugate filter structure is 
proposed. 
Finally, Chapter VII closes the Ph.D. thesis by briefly summarizing all the 
work done and making some concluding remarks. 
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                                          CHAPTER II 
BIOSENSING FUNDAMENTALS 
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2.1. HISTORY OF BIOSENSING 
 
The amazing field of biosensors started back in the 1950s by the hand of Le-
land C. Clark with the invention of the oxygen electrode [1]. This electrode 
measured oxygen concentration on a catalytic platinum surface by the following 
reaction: 
  )(424 22 OHOHeO       (2.1) 
With this electrode, Clark intended to monitor and control oxygen concentra-
tion in blood and tissues. The device consisted in a platinum working electrode 
and a silver counter electrode immersed in a saturated potassium chloride solu-
tion. Oxygen from the patient would diffuse through a semipermeable mem-
brane by osmosis thus producing a shift in the current measured. 
About a decade later, Clark and Lyons wanted to broaden the applications of 
the oxygen electrode and develop “smart” sensors. To achieve this goal, they 
proposed the use of enzymes in order to give the electrochemical sensors a se-
lective response. The idea was exemplified by entrapping glucose oxidase 
(GOx) in the semipermeable membrane of the oxygen electrode. The resulting 
device responded to glucose according to the following reaction: 
712622226126 OHCOHOHOOHC
GOx
     (2.2) 
The enzymatic oxidation of glucose into gluconic acid resulted in a decrease 
of the oxygen concentration that could be detected with a Clark’s oxygen elec-
trode [2]. The first biosensor was invented. 
In 1970, Bergveld developed the first ion-sensitive field-effect transistor 
(ISFET) [3]. Charge detection in ISFET transistors was based on metal-oxide-
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semiconductor field-effect transistors (MOSFET). MOSFETs are devices con-
sisting on a silicon substrate with two terminals for the source and drain of elec-
trons, and an insulating oxide on top of them. In MOSFETs, the insulating oxide 
is covered with a metal that acts as a gate. When a potential is applied to this 
gate, it will induce a conducting channel in the silicon which can be measured as 
a resistance between the source and the drain. However, the ISFET had no metal 
to act as a gate. Instead, the channel was induced by the oxide charge of the sili-
con dioxide insulator. When the ISFET is immersed in an aqueous solution, the 
silicon dioxide will hydrate and the induced conducting channel will depend on 
the ion activity in the solution adjacent to the oxide. This structure was proved 
for the detection of NaCl at a fixed pH of 4.6. The results showed a linear de-
pendency between the current in the drain (ID) and the molarity of the NaCl 
solution, thus proving the concept.  
The same year, Guilbault and Montalvo developed the first potentiometric 
biosensor [4]. It consisted on a thin film of urease immobilized in acrylamide 
gel deposited on top of an ammonium sensitive electrode. Urease catalyzed the 
decomposition of urea into ammonium, which was detected by the electrode. 
The results showed that the steady-state potential developed by the electrode 
was proportional to the logarithm of the urea concentration. 
In 1974, Mosbach and Danielsson report the first heat-sensitive biosensor [5]. 
When an enzyme meets its specific substrate and the catalytic reaction occurs, 
heat is produced. Based on this concept, Mosbach and Danielsson developed 
their heat-sensitive biosensor. This biosensor consisted on a thermistor coated 
with a thin layer of a selective enzyme to ensure the closest distance between the 
heating source and the detector. As expected, the results showed a clear relation-
ship between the temperature measured by the biofunctionalized thermistor and 
the amount of substrate in the solution. 
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One year later, Diviés designed the first “microbial” electrode [6]. In this 
work, an oxygen electrode was modified with a cellulosic pellicle of Glu-
conacetobacter xylinus (formerly known as Acetobacter xylinum).  The results 
showed that this “microbial” electrode was able to detect ethanol at concentra-
tions below 0.4 mM within a pH range between 2.5 and 7. 
At the same time, Lubbers and Opitz coined the term “optode” with their 
work in the optical detection of pO2/pCO2 [7]. In this work, O2 and CO2 pres-
sures were determined by changes in the fluorescent signals of pyrene butyric 
acid and beta-methylumbelliferone respectively. The fluorescent labels were 
separated from the measuring medium by a gas permeable membrane. The re-
sults showed a linear response in the range between 10-70 Torr for pCO2 and 
between 0 and 300 Torr for pO2 with a response time of 3 s. 
One of the most important breakthroughs in optical biosensing occurred in 
1983. This year, Liedberg et al. developed the first surface plasmon resonance 
(SPR) biosensor [8]. The experiment consisted in a thin film of silver deposited 
on top of a microscope slide and embedded in a flow cell with a chamber height 
of 2 mm. With this setup, Liedberg et al. flowed the antigen, in this case an im-
munoglobulin G (IgG) and after a washing step, the antibody was flowed into 
the cell (a-IgG). The results showed a shift in the position of the SPR as a result 
of biomolecule dosing. With this simple setup a-IgG was possible to be detected 
at concentrations down to 2 μg·ml-1. 
Further improvements in the area of glucose biosensing came in 1984. Cass 
et al. improved the glucose sensor concept by the use of electron mediators [9]. 
Previous glucose sensors based on the oxygen electrode were sensible to oxygen 
concentration in blood and samples had to be treated with oxygen saturated 
buffers prior to measurements. Electron mediators avoid this problem. In this 
work, Cass et al. coated a graphite electrode with a thin layer of 1,1’-
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dimethylferrocene and immobilized glucose oxidase on top of it. In order to 
produce the ferrocinium ion needed for electron mediation between the redox 
center of the enzyme and the electrode, a potential of 160 mV had to be applied. 
The results showed a linear response between 1-30 mM of glucose. 
In the late 1980s, Gauglitz and Krausse-Bonte reported the use of interfer-
ence refractometry for the development of high-performance liquid chromatog-
raphy sensors [10]. In their article, the theoretical basis of interference refrac-
tometry is explained and real-time measurements of the refractive index disper-
sion of water showed the possibility of measuring changes in refractive index 
units (RIU) lower than 0.00008 RIU. 
Table 1.1. Historical breakthroughs in biosensing. 
Year Historical advancement 
1956 Clark L. C. develops the oxygen electrode (Clark’s electrode). 
1962 
Clark L. C. reports the first amperometric biosensor for the detection of 
glucose using a modified Clark’s electrode 
1970 
Bergveld P. develops the first ion-sensitive field-effect transistor 
(ISFET) for measurements of ion activities in biological environments 
1970 
Guilbault and Montalvo  develop the first potentiometric biosensor for 
the detection of urea 
1974 
Mosbach and Danielsson report the first heat-sensitive enzyme sensor 
(thermistor) 
1975 Divis develops the first microbial sensor for the detection of alcohol 
1975 
Lubbers and Opitz develop the first optical biosensor (optode) for the 
measurement of pCO2/pO2 
1983 
Liedberg et al. develop the first surface plasmon resonance (SPR) bio-
sensor based on biomolecular affinity 
1984 
Cass et al. report the first direct interaction between the redox centre of 
glucose oxidase and the electrode 
1988 
Gauglitz and Krause-Bonte report the basics of the reflectometric inter-
ference spectroscopy (RIfS) 
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2.2. WHAT IS A BIOSENSOR? 
 
2.2.1. DEFINITION OF BIOSENSOR 
 
The international union of pure and applied chemistry (IUPAC) defines bio-
sensor as follows [11]: 
“A device that uses specific biochemical reactions mediated by isolated en-
zymes, immunosystems, tissues, organelles or whole cells to detect chemical 
compounds usually by electrical, thermal or optical signals.” 
 
2.2.2. PARTS OF A BIOSENSOR 
 
A biosensor is composed of the following parts: 
Recognition element: a molecule that specifically reacts with the target ana-
lyte. Some examples of recognition elements would be DNA, antibodies, anti-
gens, enzymes and aptamers. 
Biosensor surface: surface to which the recognition element is attached. Ad-
equate selection of the material for the biosensor surface is of critical im-
portance as it can limit the available chemical methods to attach the recognition 
element as well as define the detection strategy. 
Transducer: sensing mechanism that will transform the biochemical interac-
tion between the target analyte and the recognition element present in the sens-
ing surface into a readable signal (electronic signal). This transduction is nor-
mally electrical, mechanical, optical or calorimetrical. 
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Signal processing package: software with a specific algorithm that is able to 
monitor the signal obtained by the transducer and transform it into the response 
of the biosensor. 
Display: user interface that shows the result of detection of the target analyte 
displaying its concentration. 
A schematic representation of the components of a biosensor is shown in fig-
ure 2.1. 
 
 
Figure 2.1. Schematic representation of the components of a biosensor. Note 
that the possible transducers depicted here are not the only ones available, but 
the most common. 
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2.2.3. TYPES OF BIOSENSORS 
 
Biosensors may be divided according to either the biochemical interaction on 
which they are based or in the detection method used. 
 
Biochemical interaction 
 
Catalytic reaction 
 
This kind of biosensors was the first to be developed. They use enzymes that 
cleave the target analyte (commonly known in this case as substrate) as the 
recognition element. They are designed to, instead of detecting the analyte, 
sense the concentration of either: 
 
a) One of the byproducts of the enzyme-based catalysis.  
 
An example would be the urea biosensor [4]. As explained in section 2.1, this 
biosensor consists of a urease-modified ammonia-selective electrode. When 
urease meets its substrate (urea) the following reaction occurs: 
 
(𝑁𝐻2)2𝐶𝑂 + 𝐻2𝑂
𝑢𝑟𝑒𝑎𝑠𝑒
→    𝐶𝑂2 + 2𝑁𝐻3     (2.3) 
 
The ammonia resulting from urease activity is measured by the ammonia-
selective electrode and the response correlates with the amount of urea present 
in the sample. 
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b) One of the reagents required for the enzymatic reaction. 
 
This is the case of the glucose biosensor developed by Clark and Lyons based 
on a GOx-modified oxygen-specific electrode [2]. As it can be observed in 
equation 2.2, glucose oxidase activity requires oxygen. As a result of the reac-
tion, oxygen concentration in the sample diminishes. This reduction in oxygen 
concentration is measured by the electrode and correlates with the amount of 
glucose in the sample. 
 
c) Amount of electrons mediated. 
 
Electronic enzymatic biosensors may use an intermediate layer between the 
enzyme and the electrode that acts as an electron mediator between the en-
zyme’s redox center and the electrode [9]. In this method, when the enzymatic 
reaction takes place, this intermediate layer transfers electrons from the enxyme 
to the electrode producing an increase in the current measured which can be 
used to detect the analyte concentration. Nowadays, this method is the most 
used for glucose biosensors as it avoids the necessity of pretreating the sample 
with oxygen-saturated solutions to eliminate background. 
 
Affinity reaction 
 
Affinity-based biosensors rely on the tendency of two substances A and B to 
form a compound AB. This reaction is reversible and the strength of the binding 
of the two substances is governed by its dissociation constant (KD) as explained 
in eq.2.4: 
𝐴 + 𝐵
𝐾𝐷
↔ 𝐴𝐵        (2.4) 
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This is the case of biosensors based on antigens, antibodies, DNA and ap-
tamers. 
 
Detection method 
 
Biosensors can also be categorized depending on their principle of action.  
 
Electrical 
 
Electrical biosensors rely on measurements of the electrical properties of the 
sensor surface (i.e. voltage, current, resistance and capacitance). The major ad-
vantages of electrical biosensors are their low cost, low power consumption and 
ease of miniaturization. The sensitivity of electrical biosensors is inferior to oth-
er techniques (such as optical techniques), but sufficient for most applications, 
especially when small instruments are required [12]. Depending on their princi-
ple of action, electrical biosensors can be defined as: 
 
a) Potentiometric 
 
This kind of biosensor is based on measurements of the potential difference 
between two electrodes: a reference electrode and a biofunctionalized electrode. 
When the biofunctionalized electrode meets its specific analyte, a shift in the 
voltage measured is detected and correlated with the concentration of the ana-
lyte. The transducers are typically ion-selective electrodes [13]. Several ap-
proaches have been used lately to improve this kind of biosensors including 
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electrode nanostructuring [14], nanoparticle-coated electrodes [15], graphene 
electrodes [16], recombinant enzymes [17] to name a few. 
 
b) Amperometric 
 
Amperometric biosensors were the first biosensors to be developed [2]. This 
kind of biosensors measure electron transport processes. The signal from these 
biosensors comes from a biochemical reaction that is involved in a redox reac-
tion that can be monitored using an electrochemical cell. For this reason, the 
vast majority of amperometric biosensors are enzyme-based [18]. They normal-
ly work in a three electrode configuration (working, counter and reference) and 
measure the shifts in current upon biochemical reaction between the analyte and 
the recognition element immobilized in the working electrode. Recent studies on 
amperometric biosensing have been focused on improving the working electrode 
by using new materials such as carbon nanotubes [19] and nanoparticles [20] as 
well as exploring new enzyme immobilization techniques such as layer-by-layer 
(LbL) [21]. 
 
c) Conductometric/impedimetric 
 
Contrary to amperometric and potentiometric biosensors in which work un-
der DC conditions, conductometric/impedimetric biosensors work under AC 
conditions in order to extract the impedance/conductance of the electrodes [12]. 
They work with interdigitated electrodes but due to the parallel conductance of 
the sample solution, differential measurement with a second non-
biofunctionalized impedimetric sensor is required [13]. Recent works related to 
impedimetric biosensors try to increase its sensitivity using a variety of methods 
such as nanoparticle deposition on top of the electrode [22], graphene oxide as 
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the electrode material [23], nanostructuring of the electrode [24] or protein sepa-
ration using magnetic beads [25]. 
 
d) Capacitive 
 
Another possibility for developing AC biosensors is by means of capacitance 
measurements. The simplest form of a capacitor consists in two metallic plates 
separated by a dielectric and its total capacitance is given by eq. 2.5. 
 
𝐶 = 𝜀𝑟𝜀0
𝐴
𝑑
        (2.5) 
 
Where εr is the relative permittivity of the dielectric material, ε0 is the permit-
tivity of vacuum, A is the area of the metallic plates and d is the distance be-
tween the two plates. 
 
There exist two types of capacitance biosensors [26]: 
 
i. Electrode-solution capacitors: 
 
In this kind of capacitive biosensors, the working electrode is functionalized 
with the recognition element while the counter remains unaltered. In this case, 
each of the layers adhering to the working electrode can act as a capacitive lay-
er. Thus, the binding of the analyte to the receptor results in an additional capac-
itive layer that increases the total capacitance [27]. 
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ii. Interdigitate electrodes (IDE): 
 
This kind of capacitive biosensor measures differences in the dielectric con-
stant of the medium between the electrodes. This kind of capacitive biosensor 
has grown interest in the past few years. Compared to the electrode-solution 
configuration, IDE have a higher surface area for analyte binding. In order to 
reduce faradaic currents between the electrodes and provide an appropriate sur-
face for biofunctionalization, IDE are typically covered by a thin insulating lay-
er [26]. Current advances in IDE capacitive biosensors include the use of nano-
particles [28] and the development of new surface biofunctionalization tech-
niques such as molecularly imprinted polymers [29]. 
 
Mechanical 
 
Mechanical biosensors detect changes in the mass of the sensing surface. 
They do so by measuring the displacement or vibrational state of the sensing 
element by electric means. For this reason, mechanical biosensors are often re-
ferred to as electromechanical biosensors. Below, we discuss the three main 
approaches that have been developed for electromechanical biosensing [30]. 
 
a) Quartz crystal microbalance (QCM): 
 
QCM biosensors consist of a quartz crystal disk with piezoelectric behavior 
and two metal contacts on opposite faces. When an alternating electric field is 
applied to a piezoelectric material, a transverse vibrational wave is generated. 
The resonant frequency of the wave is linearly related with the mass of the crys-
tal as explained in eq. 2.6: 
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∆𝑓𝐿 = −
2𝑓0
2
𝐴√𝜌𝑞𝜇𝑞
∆𝑚 = −𝑆𝑓∆𝑚      (2.6) 
 
Where ΔfL is the measured shift in resonant frequency, f0 is the original reso-
nant frequency (i.e. the intrinsic crystal resonant frequency), Δm is the added 
mass, A is the area of the crystal, ρq is the density and µq the shear modulus of 
quartz and Sf is the sensitivity of the system. 
Recent works regarding QCM biosensors try to improve their sensitivity by 
growing nanorods on top of the sensing surface [31], enhance its sensitivity by 
gold nanoparticle post-treatments [32], and explore new functionalization routes 
such as lipid-based methods [33] or molecularly imprinted polymers [34]. 
 
b) Surface acoustic wave (SAW) 
 
SAW biosensors consist of two pairs of IDE, one working as an emitter and 
the other working as a receiver, separated by a piezoelectric material that will 
act as the biosensing surface. When an alternating electric field is applied to the 
transmitter pair, a periodic surface strain is generated and a surface acoustic 
wave is created. The frequency of this SAW is given by eq. 2.7: 
 
𝑓 =
𝑣𝑝
𝑑
         (2.7) 
 
Where f is the frequency, vp is the propagation velocity of the SAW and d is 
the distance between the IDEs. 
When the analyte binds the receptor attached to the piezoelectric material, the 
mass increment causes a decrease in the frequency of the SAW. 
Current work on SAW biosensors focused on nanostructuring the surface to 
achieve higher surface area for analyte binding [35], work under SAW-induced 
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droplet streaming to prevent biofouling due to nonspecific binding [36], use 
ZnO instead of quartz as the piezoelectric material to enhance the micro and 
nanostructural possibilities of the sensing area [37], and nanostructure surface 
functionalization to obtain more sensitive surfaces thanks to the equal spacing 
between receptor molecules [38]. 
 
c) Cantilever 
 
Cantilever-based mechanical biosensors appeared in the 1990s as an evolu-
tion of atomic force microscopy (AFM) tips for chemical and biochemical de-
tection. Similarly to AFM tips for non-conductive samples, they can work in 
two different modes. 
 
i. Bending mode 
 
The bending mode (also known as static-mode) is homologous to AFM con-
tact mode and measures the deflection of a beam upon analyte binding. This 
deflection is produced by the mass of the analyte binding to the beam producing 
a differential surface stress. The deflection of the cantilever can be calculated by 
eq. 2.8: 
 
∆𝑧 =
3𝑙2(1−𝜐)
𝐸𝑡2
Δ𝜎        (2.8) 
 
Where Δz is the deflection, l is the length of the cantilever, υ is Poisson coef-
ficient, E is Young’s modulus, t is the thickness of the cantilever and Δσ is the 
differential surface stress. 
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In order to measure cantilever deflection, various methods have been used in-
cluding optical (optical lever, interferometry) as well as electrical (piezoelectric, 
impedance and capacitance) techniques. Recent works report improvements in 
bending-mode cantilever biosensors by means of novel approaches such as the 
use of magnetic nanoparticles [39] or screen printed single stranded peptide nu-
cleic acids (ssPNA)[40]. 
 
ii. Resonant mode 
 
Cantilevers working under resonant mode conditions are homologous to 
AFM tips working in non-contact mode. These biosensors require an external 
force to make the cantilever vibrate at its resonance frequency. Upon analyte 
binding, the biosensors resonance frequency decreases due to the added mass as 
explained in eq. 2.9: 
 
Δ𝑚 =
3𝐸𝐼𝑧
𝐿3
4𝜋2
(
1
𝑓𝑚
2 −
1
𝑓0
2)       (2.9) 
 
Where Δm is the increment in mass, E is the Young’s modulus, Iz is the mo-
ment of inertia, L is the length of the cantilever and f0 and fm are the resonance 
frequencies before and after analyte binding respectively. 
The main disadvantage of this kind of biosensors is the reduction of its quali-
ty factor (Q-factor) in liquid due to viscous drag force which commonly results 
in complex drying steps after analyte uptake. Nevertheless, real-time measure-
ments in liquid have been reported successfully which enables the study of bio-
molecular reactions with dynamic-mode cantilever biosensors [41]. Lately, vari-
ous novel approaches have been reported for dynamic-mode cantilevers includ-
ing the use of bioprinted myotubes as the actuators for the cantilever vibration 
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[42] and electrokinetical adsorption of analytes onto the cantilever for improved 
detection [43]. 
Optical 
 
Optical biosensors can be divided into three categories depending on their 
mode of action namely fluorescence, microrefractometry and microreflectome-
try [44]. This kind of biosensors are very interesting due to their inherent ad-
vantages such as stability in aggressive environments, multiplexing and minia-
turization potential and, specially, their high immunity to electromagnetic (EM) 
interferences [45].  
a) Fluorescence 
 
This was the first technique to be developed. It consists in attaching a fluo-
rescent label to a receptor (typically an antibody) and measuring the amount of 
light emitted by the label. This technique is very sensitive but it is costly, time-
consuming, requires specialized personnel and labelling affects binding affinity 
between analyte and receptor [44]. Most clinical detection techniques such as 
colorimetry or enzyme-linked immunosorbent assay (ELISA) are based on fluo-
rescence techinques. 
Recent developments on fluorescence-based techniques focus in Förster 
(sometimes also referred to as fluorescence) resonance energy transfer (FRET). 
FRET bases on the energy transfer between two light-sensitive materials (such 
as fluorophores). This process occurs when the donor material, in its excited 
state, is close enough to the acceptor material so as to transfer energy through a 
non-radiative process resulting in light emission of the acceptor material [46]. 
The separation between the two materials is crucial in FRET, as the energy 
transfer efficiency rapidly decays with increasing distance as given by eq. 2.10: 
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𝐸 =
𝑅0
6
𝑅0
6+𝑅6
         (2.10) 
 
Where E is the FRET efficiency, R is the distance between the donor and the 
acceptor and R0 is the critical energy transfer distance (Förster radius) for FRET 
which is defined as the distance for 50% efficiency. 
This distance dependence of FRET has been used for the development of bio-
sensors by either FRET quenching (off state) [47] or FRET emission (on state) 
[48]. 
 
b) Microrefractometry 
 
This group of techniques measure changes in the refractive index at the inter-
face between two adjacent materials by measuring the properties of the generat-
ed evanescent waves. Evanescent waves appear at the interface of the two medi-
ums as a result of the fact that the electric and magnetic fields cannot be discon-
tinuous at the boundary. This generates a near-field wave whose intensity de-
cays exponentially with increasing distance from the interface. Due to the expo-
nential decay of the evanescent wave, there is inhomogeneous signal penetration 
into the analyte solution. This means that the changes registered by the device 
are limited to surface events up to few nanometers away from the sensor’s sur-
face [44]. Due to the characteristics of evanescent wave excitation, experimental 
setups for microrefractometric optical biosensors tend to be bulky, as they typi-
cally require the use of prisms for coupling light into the device.  Another disad-
vantage of microrefrctometric biosensors is the fact that they are very sensitive 
to temperature changes, leading to the requirement of a very good temperature 
control during the biosensing experiment or the use of a reference sensor to cor-
rect for environmental fluctuations. 
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The first developed and most common example of evanescent wave biosen-
sor is SPR [8] Recent reports are focusing towards localized SPR (LSPR) by 
using metal nanoparticles to be able to excite surface plasmons without the need 
of bulky optical setups [45, 49]. However, numerous other microrefractometric 
techniques have been developed over the past few years such as grating couplers 
[50], resonant mirrors [51], Mach-Zender Interferometers [52], Young interfer-
ometer [53], or microstructured optical fiber (MOF) Bragg gratings [54]. 
 
c) Microreflectometry 
 
This method is also known as reflectomectric interference spectroscopy 
(RIfS). In its origin, microreflectometry concentrated on measuring tiny changes 
in the physical thickness of the interaction layer by measuring the position of the 
oscillations arising in a thin film due to constructive and destructive interference 
upon white light illumination [10]. This approach is independent of the thick-
ness of the biomolecular layer as the evanescent field is not crucial for the sig-
nal. 
Reflectometry-based optical biosensing, unlike microrefractometric-based 
optical techniques, is almost independent of temperature thanks to the fact that 
temperature-related volume expansion is typically compensated by a decrease in 
the overall refractive index [44]. 
Lately, RIfS research has shifted to work with porous materials such as pSi 
[55], pSiO2 [56], pTiO [57] and NAA [58]. The advantage of using porous ma-
terials is that due to their inherent porosity, changes in the interference spectrum 
can be monitored as shifts in the effective refractive index. This enabled the use 
of more complex optical architechtures such as double-layer interferometers 
[59], rugate filters [60], or microcavities [61]. 
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Magnetic 
 
Magnetic biosensors offer a unique approach to biosensing. Over the past few 
years, biofunctionalized magnetic nanoparticles have been used for analyte sep-
aration and enhancement of other biosensing techniques such as cantilever-
based biosensors [39]. Nevertheless, it is possible to detect analytes using vari-
ous direct magnetic measurements with high sensitivity due to the lack of signif-
icant magnetic background in biological samples. This fact enables the manipu-
lation and detection of target analytes without significantly affecting their bio-
logical activity [62]. 
 
a) Magnetic permeability 
 
One possible way to detect the analytes is by means of magnetic permeability 
measurements. This can be performed by either measuring the permeability of a 
coil in a balanced Maxwell-Wien bridege configuration [63] or by measuring the 
resonant frequency of a coil in a resonant inductor-capacitor (LC) circuit (fre-
quency- dependent magnetometer) [64]. 
 
b) Magnetic remanence 
 
This technique bases on the magnetization decay of superparamagnetic nano-
particles upon exposure of a pulsed magnetic field. Thanks to the fact that un-
bound nanoparticles relax very fast, they do not contribute to the signal and the 
response of the sensor is mainly related with bound magnetic nanoparticles 
[62].This measurement is typically performed using a superconducting quantum 
interference device (SQUID). This device offers the highest sensitivity and larg-
est dynamic range of all the magnetic measurement techniques. Thanks to these 
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properties, it has been possible to develop SQUID-based magnetic imaging 
methods [65] which are faster and cheaper than magnetic resonance imaging 
(MRI) as an in vivo detection of cancerous tumors and whose sensitivity may 
overcome that of MRI in the future [66]. 
 
d) Magnetoresistance 
 
Magnetoresistance measurements are based on the findings of William 
Thompson (Lord Kelvin) in 1857 in which he observed how iron subjected to a 
magnetic field resulted in an increase of its electrical resistance [67]. This effect 
is known as anisotropic magnetoresistance (AMR). The sensitivity of this tech-
nique is governed by magnetoresisitive ratio (eq. 2.11): 
 
𝑀𝑅𝑟𝑎𝑡𝑖𝑜 = 
∆𝑅
𝑅
=
𝑅−𝑅𝐻𝑠𝑎𝑡
𝑅𝐻𝑠𝑎𝑡
· 100      (2.11) 
 
Where R is the measured resistance and RHsat is the minimum resistance in a 
saturation field. 
Current techniques for magnetoresistance measurements include: 
 
Giant magnetorisistance (GMR): they consist on the measurement of the re-
sistance in magnetic and nonmagnetic metal thin-film multilayers. Two main 
approaches have been developed using this technique: 
 
1. Coupled multilayer: this consists in a magnetic/nonmagnetic/ magnetic stack 
whose thicknesses allow exchange coupling between the magnetic layers. 
This configuration allows changing the moments of the magnetic layers from 
anti-parallel to parallel resulting in a decrease of the overall resistance of the 
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GMR. This approach allows MR ratios between 4 and 9% upon magnetic 
field exposure. 
 
2. Spin-valve: this device is multilayer stack consisting of an antiferromagnet-
ic layer, a ferromagnetic layer, a nonmagnetic layer and a ferromagnetic 
layer. In this configuration, the nonmagnetic spacer layer (typically Cu) is 
deposited thick enough to prevent any magnetic coupling between the fer-
romagnetic layers and the antiferromagnetic layer forces the magnetization 
of the adjacent ferromagnetic layer in a particular direction resulting in an 
exchange bias. This design results in a very sensitive device with MR ratios 
between 6 and 15% upon magnetic exposure. 
 
Lately, GMR biosensors have focused on the spin-valve configuration due to 
their higher MR ratios. Amon the latest reports a GMR-based cell counter capa-
ble of sorting cells depending on their magnetic moments is one of the most 
interesting [68]. 
Anisotropic magnetoresistance (AMR): AMR technology has been taken 
over by GMR technology as its MR ratio is typically around 2 % [62]. However, 
GMR miniaturization at the micron scales due to lateral fringe coupling. In order 
to overcome this issue an AMR biosensor based on a micrometric ring for single 
bead detection was developed [69]. The principle of operation is based on the 
fact that the magnetization of the ring without any magnetic bead around is cir-
cumferential but, when a magnetic bead is placed in the center, the magnetic 
field becomes radial and reduces the ring’s resistance.  
Despite this miniaturization advancement, the MR ratio is below 1 %. For 
this reason most recent works in magnetic biosensing do not use AMR technol-
ogy and focus on other magnetic detection techniques. 
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Magnetic tunnel junction (MTJ): this technique is also known as tunneling 
magnetoresistance (TMR). Their configuration is similar to that of spin-valve 
GMR but instead of having Cu as a spacer layer, they have a thin insulator layer 
of just a few nanometers. Their working principle bases on a quantum mechani-
cal phenomenon in which electrons can tunnel between two ferromagnetic mate-
rials separated by a thin insulating layer. This effect is favored when the two 
ferromagnets are in the magnetized in the same direction. Their MR ratio is be-
tween 20 and 70 % in sensors with amorphous Al2O3 as the insulating material 
[70] and can be further increased to above 200 % if MgO is used as the tunnel 
barrier due to its spin-filtering properties [71]. This makes them the most sensi-
tive MR sensors available. Recent reports on TMR biosensors focus on the use 
of electromagnetic traps to concentrate the analyte in the sensor [72]. 
 
e) Hall effect 
 
Hall effect biosensors are based on the fact that the charge carriers in a cur-
rent-carrying conductor under the influence of a magnetic field are pushed to 
one side of the conductor.  This generates a measurable electric field (i.e. Hall 
voltage) which is perpendicular to both the magnetic field and the applied cur-
rent [62]. This effect can be used to detect biofunctionalized magnetic micro and 
nanoparticles and stablish the analyte concentration as a function of the induced 
Hall voltage, whose magnitude is given by eq.2.12: 
 
𝑉𝐻 =
𝐼𝐻
𝑡
𝑅𝐻         (2.12) 
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Where VH is Hall voltage induced by the magnetic field, I is the current flow-
ing through the device, H is the magnetic field strength, t is the thickness of the 
region affected by the hall effect, and RH is the Hall coefficient. 
Thanks to the miniaturization techniques available, microscale planar Hall ef-
fect (PHE) biosensors have been developed. Recent studies regarding PHE bio-
sensing include using electric field distributions to concentrate the magnetic 
nanoparticles [73], determine biomolecular binding using PHE for determining 
the Brownian relaxation of the nanoparticles [74] and the use of aptamers as 
recognition elements [75]. 
 
Calorimetric 
 
Calorimetric biosensors (also called enzyme thermistors) were developed in 
1974 by Mosbach and Danielsson as heat-sensitive enzyme biosensors [5]. They 
are based on the measurement of temperature changes due to an enzymatic cata-
lytic reaction with a thermistor. One of the main advantages of the enzyme 
thermistors is the ability of increasing the system’s sensitivity by combining 
multiple enzymes which increase the total heat produced. An example would be 
the combination of glucose oxidase, which generates gluconic acid and hydro-
gen peroxide, and catalase that transforms hydrogen peroxide into water and 
oxygen [76]. In order to broaden their possible applications, thermometric en-
zyme-linked immunosorbent assay (TELISA) has been developed as a novel 
technique for detection of immunocomplexes based on enzyme thermistors [77]. 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter II 
38 
 
2.3. AFFINITY BIOSENSING  
 
We have already discussed in previous sections that there are two biosensing 
trends: catalytic (i.e. enzymes) and affinity based. Despite the fact that numer-
ous biosensors in literature are enzyme-based, there is an increasing interest in 
the development of affinity-based devices. Affinity biosensors have a wider 
range of possible receptors (antibodies, antigens, cells, DNA, aptamers, etc) than 
catalytic devices which are limited by the available enzymes in the market. This 
makes affinity sensors applicable to fields ranging from environmental sciences 
to drug discovery.  
 
2.3.1. BIOSENSING UNDER EQUILIBRIUM CONDITIONS  
 
As explained in section 2.2.3, affinity reactions occur when an analyte A in-
teracts with a receptor B to form the complex AB in a non-covalent and reversi-
ble manner as shown in eq. 2.4. Therefore, in an affinity reaction A and B are 
associate (bind) and dissociate (unbind) at the same time until either equilibrium 
is reached (i.e. Abinding = Aunbinding) or all the available sites are occupied. Thus, 
binding of the analyte to form the AB complex depends on the amount of avail-
able free receptors in a concentration driven reaction that follows a Langmuir 
isotherm model [78]: 
𝐴 =
𝐴𝑚𝑎𝑥[𝐴]
𝐾𝐷+[𝐴]
        (2.13) 
Where A is the amount of analyte captured under equilibrium conditions, 
Amax is the maximum amount of analyte that can be captured by the receptor, [A] 
is the concentration of the analyte and KD is the affinity constant of the bio-
chemical reaction. This equation is applicable to a biosensor’s calibration curve 
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in which A would be the response of the biosensing device at concentration [A] 
and Amax the response under saturation conditions. 
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Figure 2.2. Theoretical Langmuir isotherm for biotin-streptavidin binding 
(black line) and antibody-antigen binding (red line) to a surface coated with 
enough binding sites for 1 mol of the respective analyte. 
 
Fig. 2.2 shows two examples of the Langmuir isotherm for two well-known 
affinity reaction: biotin-streptavidin (KD ≈ 10
-15
 M) and antibody-antigen (KD ≈ 
7·10
-11
 M). For comparative reasons we assumed a surface capable of binding 1 
mol of the respective analytes. These theoretical curves allow us to observe 
graphically the effect of the available binding sites on a biosensor’s surface on 
its detection performance. It can be noted how, as the available binding sites are 
occupied, it becomes more difficult for the analyte to bind its specific receptor 
due to steric crowding leading to a lesser sensitive response when analyte con-
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centrations are close to the saturation conditions. However, we can also see that 
KD plays a key role on the biosensor’s sensitivity slope as it can be observed by 
comparing the Langmuir isotherms of both biotin-streptavidin and antibody-
antigen reactions. Finally, the latest factor implicated on the biosensor’s re-
sponse is the amount of available receptors on the active surface (Amax) which is 
strongly associated with surface coverage obtained and covalent binding tech-
niques used [78]. 
 
2.3.2. REAL-TIME BIOSENSING KINETICS 
 
Theory 
 
Real-time detection of analytes by means of affinity biochemical interactions 
are governed mainly by two processes: the association process and the dissocia-
tion process. 
During the association process the analyte of interest binds to the receptor 
present on the biosensing surface. This binding event occurs by means of non-
covalent intermolecular interactions such as hydrogen bonding, electrostatic 
interactions, hydrophobic interactions and Van der Waals forces. 
During the dissociation process, the analyte solution is completely removed 
from the biosensing surface. This environmental change results in the separation 
of the receptor-analyte complex by affecting the strength of the non-covalent 
intermolecular interactions. The rate at which the analyte will separate from the 
receptor depends on the affinity between the two analyte and the receptor. 
Fig. 2.3 shows an ideal real-time measurement of an affinity biochemical re-
action. Real-time monitorization consists in four distinct regions: a baseline (fig. 
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2.3I), an association (fig. 2.3II) curve, a stable equilibrium region (fig. 2.3III) 
and dissociation curve (fig. 2.3IV). In the following sections, we are going to 
discuss the equations related to the association and dissociation as well as the 
difference between theory and reality.  
 
IVI III
 
 
R
e
s
p
o
n
s
e
Time
II
 
Figure 2.3. Theoretical real-time biosensing curve. I represents the baseline, 
II represents the binding event, III represents the equilibrium region, and IV 
represents the dissociation of the analyte. 
 
Association 
 
According to the Langmuir isotherm model explained in the previous section, 
the sensor response during real-time measurements in biosensing experiments 
should follow a negative exponential trend as shown in eq. 2.14 [79]: 
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𝑅 =
𝑅𝑚𝑎𝑥 [𝐴]
𝐾𝐷+[𝐴]
(1 − 𝑒−𝑘𝑜𝑛𝑡)       (2.14) 
 
Where R is the sensor response at time t, Rmax is the sensor response under 
saturation conditions, KD is the dissociation constant, [A] is the analyte concen-
tration, and kon is the on rate of the sensor. 
Since in an affinity reaction the equilibrium can be achieved by either occu-
pying all the available binding sites or by equilibrating the amount of analyte 
binding and the amount of analyte unbinding in a concentration-dependent fash-
ion, kon will be expressed as [79]: 
𝑘𝑜𝑛 = 𝑘𝑎𝑠𝑠[𝐴] − 𝑘𝑑𝑖𝑠𝑠       (2.15) 
 
Where kon is the on rate, kass and kdiss are the association (binding rate) and 
dissociation (unbinding rate) rates of the biochemical reaction respectively, and 
[A] is the analyte concentration. 
The association and dissociation rates are very important factors in the char-
acterization of affinity biochemical interactions. They define the dissociation 
constant (eq. 2.16) of the reaction and thus define the affinity between two bio-
molecules. 
𝐾𝐷 =
𝑘𝑑𝑖𝑠𝑠
𝑘𝑎𝑠𝑠
         (2.16) 
 
Where KD is the dissociation constant, and kass and kdiss are the association 
and dissociation rates of the biochemical reaction. 
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Dissociation 
 
In affinity-based sensing, once the analyte-containing solution is removed 
from the sensor’s surface and replaced by clean buffer solutions, bound analytes 
will start to dissociate from their respective receptors following an exponential 
trend (eq. 2.17) [79]. 
𝑅 = (𝑅0 − 𝑅∞)𝑒
−𝑘𝑜𝑓𝑓𝑡 + 𝑅∞      (2.17) 
Where R0 is the initial response of the biosensor, R∞ is the response of the bi-
osensor at the final analyte concentration, koff is the off rate of the sensor and t is 
time. 
Due to the fact that during dissociation it is assumed that no rebinding occurs, 
koff = kdiss. 
 
Experimental fittings 
 
Despite the fact that the theory of biomolecular binding explains accurately 
the kinetics of biosensing, these equations fail to fit real experimental data dur-
ing association experiments. Actually, the best fittings are achieved by superim-
posing two negative exponentials instead of the one predicted by the theoretical 
model as explained in eq. 2.18. This second exponential is related with the abil-
ity to transport the analyte onto the sensing surface (i.e. flow rate of the analyte 
solution) [79]. 
𝑅 =
𝑅𝑚𝑎𝑥 [𝐴]
𝐾𝐷+[𝐴]
(1 − 𝑒−𝑘𝑜𝑛1𝑡) + 𝐵(1 − 𝑒−𝑘𝑜𝑛2𝑡)    (2.18) 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter II 
44 
 
Where R is the sensor response at time t, Rmax is the sensor response under 
saturation conditions, KD is the dissociation constant, [A] is the analyte concen-
tration, B is a constant that depends on the analyte’s mass transport, and kon1 and 
kon2 are the on rates of the sensor being the first one correlated to the affinity of 
the biomolecules and the second with the mass transport. 
 
Biosensing using initial rate analysis (IRA) 
 
Biosensing under equilibrium conditions may take several minutes or even 
hours depending on the biosensor architecture, especially when the analyte con-
centration is extremely small. One of the advantages of real-time sensing is the 
possibility of determining the analyte concentration by analyzing their kinetic 
behavior [79]. We can do so by deriving eq. 2.14: 
𝜕𝑅
𝜕𝑡
= 
𝑅𝑚𝑎𝑥 [𝐴]
𝐾𝐷+[𝐴]
𝑘𝑜𝑛(1 − 𝑒
−𝑘𝑜𝑛𝑡)      (2.19) 
For small t (i.e. the initial linear region of the association curve), eq. 2.19 
turns into: 
𝜕𝑅
𝜕𝑡
= 
𝑅𝑚𝑎𝑥 [𝐴]
𝐾𝐷+[𝐴]
𝑘𝑜𝑛        (2.20) 
Applying eq. 2.15 and 2.16 to eq. 2.20 leads to the following expression: 
𝜕𝑅
𝜕𝑡
= 𝑅𝑚𝑎𝑥[𝐴]𝑘𝑎𝑠𝑠       (2.21) 
Eq. 2.21 shows how the initial region of the biosensing curve is governed by 
the saturation signal of the sensor and the association rate of the biochemical 
reaction in a linear fashion. Therefore, it is possible to determine the concentra-
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tion of the analyte by observing the initial linear region of the association curve, 
which is particularly interesting for enhancing the speed of the sensor response. 
 
2.4. APPLICATIONS OF BIOSENSORS 
 
The emerging field of biosensors is still growing and despite what many peo-
ple may think, its application is not limited to clinical diagnosis. In fact, biosen-
sors are applicable to a number of fields such as drug discovery [80], cellular 
studies [81], environmental monitorization [82], food processing [13], chemical 
and biochemical sensing [83], forensics [84], clinical diagnosis [85] and point-
of-care use [86]. 
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3.1. HISTORY OF NANOPOROUS ANODIC ALUMINA 
 
The field of metal anodization started back in the 1920s and was used for 
commercial purposes as a method for generating a protective and/or decorative 
layer on top of the metal. In 1923, Bengough and Stuart patented the first ano-
dization process for aluminum consisting in a chromic acid-based anodization 
[87]. Later, in 1927, Gower and O’Brien patented the first sulfuric acid-based 
anodization which is nowadays the most common anodizing electrolyte used in 
industry [88]. In 1936, Carboni invented a method for coloring the resulting 
NAA film for aesthetic purposes consisting in a combination of sulfuric acid 
anodization and an alternating current process in a metal salt solution [89]. 
The invention of the electron microscope in 1938 and its further commercial-
ization in 1939 allowed further development of NAA technology. In 1953, Kel-
ler et al. characterized, for the first time, the structure of NAA. In this work, 
Keller and coworkers described the characteristic hexagonally close-packed 
pores and the bottom barrier layer of NAA. Also, they demonstrated the rela-
tionship between the applied potential and interpore distance [90]. The first de-
tailed description of the state of the art of NAA was published in 1969 by Diggle 
et al. [91]. In this review, structural features, anion incorporation, water content 
and formation mechanisms of both barrier and porous-type alumina were thor-
oughly discussed. Following the work of Keller et al., Thompson and Woods’ 
studies of NAA using electron microscopy techniques resulted in a deeper com-
prehension of the structural properties of NAA as well as its growth mechanisms 
[92, 93, 94, 95, 96, 97, 98, 99]. 
A major breakthrough was achieved in 1995 by Masuda and Fukuda with the 
discovery of nanopore self-ordering by means of a two-step anodization proce-
dure [100]. This technique was later optimized by Nielsch et al. in 2002 for the 
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three most common electrolytes (i.e. sulfuric, oxalic and phosphoric acids). In 
this work they observed how self-ordering was achieved when the porosity of 
the NAA layer was around 10 % [101]. 
Lately, NAA technology has been focused on the development of 3D na-
nopore structures by in-depth modulation of pore diameter. To date, several 
voltage-dependent techniques have been developed such as pulse [102, 103, 
104] and cyclic [105, 106, 107] anodization and also recently, current control 
techniques have emerged [108, 109]. 
 
3.2. BASICS OF NANOPOROUS ANODIC ALUMINA FABRICATION 
 
3.2.1. ELECTROCHEMISTRY OF NANOPOROUS ANODIC ALUMINA 
FORMATION 
 
Thermodynamics 
 
When an aluminum film is either exposed to air or water, it spontaneously re-
acts forming a thin layer of aluminum oxide. This phenomenon has been as-
cribed to the large negative Gibb’s free energy change [110]. 
2𝐴𝑙(𝑠) +
3
2
𝑂2(𝑔) → 𝐴𝑙2𝑂3(𝑠);     ∆𝐺
° = −1582 𝑘𝐽𝑚𝑜𝑙−1  (3.1) 
2𝐴𝑙(𝑠) + 3𝐻2𝑂 (𝑙) → 𝐴𝑙2𝑂3(𝑠) + 𝐻2(𝑔);     ∆𝐺
° = −871 𝑘𝐽𝑚𝑜𝑙−1 (3.2) 
However, when aluminum films are electrochemically anodized, the process 
can be described by the following redox equations [111]: 
1. At the anode (i.e. the aluminum film) grows an oxide film (aluminum-
aluminum oxide interface): 
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2𝐴𝑙(𝑠) + 3𝐻2𝑂(𝑙) = 𝐴𝑙2𝑂3(𝑠) + 6𝐻
+ + 6𝑒−    (3.3) 
 
2. At the cathode (cathode-electrolyte interface) hydrogen evolves: 
6𝐻+ + 6𝑒− = 3𝐻2(𝑔)       (3.4.) 
 
Kinetics 
 
The current density measured during the anodization of the aluminum foil 
can be expressed as follows: 
𝑗 = 𝑗𝑎 + 𝑗𝑐 + 𝑗𝑒        (3.5) 
Where ja, jc and je are the contributing current densities of the anions, cations 
and electrons respectively. Given the extremely high electronic resistivity of 
alumina (ρalumina = 10
14
 Ω·cm), je becomes negligible leaving the current density 
expression as: 
𝑗 = 𝑗𝑎 + 𝑗𝑐         (3.6) 
Therefore, the anodization of aluminum strongly depends on the transport of 
Al
3+
 and O
2-
 ions. 
 
3.2.2. PORE FORMATION THEORIES 
 
In order to understand the process of pore formation, it is necessary to take a 
look at the current density-time (j-t) transient. Figure 4.1 shows the first 500 s of 
the fabrication of a NAA layer using conventional potentiostatic anodization in 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter III 
52 
 
oxalic acid (0.3 M, 40V and 5°C). Four different stages can be appreciated dur-
ing the initial stages of aluminum anodization. In stage I, current density drops 
rapidly due to the formation of a solid alumina layer. After this point, two main 
theories have emerged in order to explain the mechanism of pore formation: the 
electric field instability model and the convection model. 
 
 
Figure 3.1. Current density-time transient of the first 500 s during the ano-
dization of a high-purity aluminum foil under potentiostatic conditions in 0.3 M 
oxalic acid at 40 V and 5°C. Regions I, II, III and IV represent each of the stages 
of NAA formation. 
 
The electric field instability model 
 
This model is the most accepted among the scientific community [112, 113, 
113, 115, 116, 117, 118, 118, 120]. This theory claims that the mechanism of 
pore formation in NAA is analogous to that of porous silicon. Essentially, it ba-
ses on the fact that after the formation of the solid alumina layer in stage I, elec-
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tric field instabilities start to appear leading to the formation of pores. Assuming 
this model, pore growth would continue as follows: 
In stage II, current density reaches its minimum value.  At this point, instabil-
ities in the electric field results in localized partial dissolution of the alumina 
layer formed in stage I. These spots where partial dissolution started to occur in 
stage II serve as nucleation centers for pore formation in stage III, where pore 
generation increases the current density measured. Finally, in stage IV, current 
density reaches its maximum value and starts to slowly and asymptotically de-
crease to a constant value, where pores grow in a steady-state manner. 
 
The convection model 
 
The convection model is based on the similarity between the honeycomb 
structure of  NAA and the structure of Rayleigh-Bénard convection cells (R-
BCC) [121, 122, 123]. R-BCC are dissipative structures appearing under critical 
temperature gradients in thin films of viscous fluids. The resulting “cells” typi-
cally present a hexagonal ordering. This ordering may seem to break the second 
law of thermodynamics, but in fact, it is the reflection of the system’s tendency 
to arrange in the minimum energy possible. 
Figure 3.2. A shows the typical R-BCC achieved in a thin film of viscous liq-
uid in a petri dish, and figure 4.2. B shows a typical top SEM view of a NAA 
sample. Both systems show a similar ordering behavior. Defects in the ordering 
in both images arise from defects in the substrate (i.e. the petri dish in figure 3.2. 
A and the aluminum bulk in figure 4.2. B). For this reason, Pashchanka and 
Schneider modeled pore formation in NAA as a R-BCC [121]. 
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Figure 3.2. Comparison between A) Rayleigh-Bénard convetion cells in a 
viscous liquid and B) honeycomb pattern from NAA manufactured in conven-
tional oxalic acid anodization. 
 
According to this model, the j-t transient depicted in figure 3.1. could be ex-
plained as follows: 
In step I, along with the formation of thin layer of solid anodic alumina, 
negative charges are attracted to the anode creating a charge gradient. In step II, 
the charge gradient reaches its critical value after which current starts to rise 
again. This current rise present in step III is the result of the diffusion of anions 
in the opposite direction, starting the convective process. Finally, in step IV, the 
competition between the attraction and diffusion of anions leads to the formation 
of R-BCC and a steady-state growth of the nanopores is achieved. 
3.2.3. ORDERING OF PORES 
 
In NAA, pore ordering can be achieved by two main techniques: nano im-
print lithography (NIL), for perfectly ordered NAA; and two step anodization, 
for self-ordered NAA. 
 
A B 
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Perfect ordering using Nano Imprint Lithography (NIL) 
NIL bases on the fact that pores in NAA nucleate at defect sites in the alumi-
num substrate [124, 125, 126]. Taking advantage of this feature, NIL creates an 
ordered array of surface defects in order to promote pore nucleation at specific 
locations thus resulting in a perfectly ordered array of nanopores.  
Figure 3.3. shows the steps of NIL for perfectly ordered NAA (PONAA). 
The first step consists in pressing a Si3N4, SiC or Ni master stamp consisting in 
an array of pyramids onto a polished aluminum substrate. This step results in an 
ordered array of inverted pyramids (nanoindentations) which will serve as nu-
cleating sites for the NAA pores. Subsequently, the aluminum substrate is ano-
dized under the appropriate conditions so as to ensure perfect ordering.  
 
 
Figure 3.3. Schematic procedure to obtain PONAA using NIL. 
Result: 2. Anodize 1. Imprint 
Al 
Al 
Si3N4 
Al 
Al Si3N4 
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The advantages of this procedure are the reduced time required to fabricate 
PONAA and the possibility of fabricating arrays of nanopores with lattices other 
than hexagonal (i.e. square lattice). However, this procedure is limited by the 
actual microfabrication techniques available and an expensive master stamp. In 
order to overcome these disadvantages, a new technique combining laser inter-
ference lithography (LIL) and hard anodization has been developed recently 
[127]. This technique allows to fabricate PONAA with aspect ratios higher than 
500 in a cost-effective manner. 
 
Self-ordering of pores using two-step anodization 
 
 
 
Figure 3.4. SEM micrographs of A) top of a disordered NAA sample and B) 
bottom of the sample after selective dissolution of the aluminum substrate show-
ing the closed pore tips. 
 
A B 
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The method for obtaining self-ordered NAA (SONAA) by means of two-step 
anodization was discovered by Masuda and Fukuda back in 1995 [100]. In their 
experiments, they observed that after a long anodization, the bottom of the pores 
was ordered in domains of pores with a hexagonal lattice.  
Figure 3.4. shows SEM micrographs from the top (figure 3.4.A) and bottom 
(figure 3.4.B) of a first step after selective dissolution of the aluminum bulk. 
The hexagonal arrangement of the pores’ bottom is preserved on the aluminum 
substrate after selective dissolution of alumina. This texture left on the alumi-
num serves as nucleating centers for pore formation in the next anodization step. 
The experimental procedure for the fabrication of SONAA via two-step ano-
dization is depicted in figure 3.5. 
 
 
 Figure 3.5. Schematic representation of the fabrication procedure of 
SONAA using two step anodization. 1) Disordered porous layer resulting from 
the 1
st
 anodization step, 2) nanostructured Al foil obtained after selective disso-
lution of the disordered NAA layer, 3) self-ordered NAA layer obtained in the 
2
nd
 anodization, and 4) SEM micrograph of the top view of a SONAA. 
1 
2 
3 
Dissolution of NAA 
Reanodization 
4 
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The origin of the self-ordering: the mechanical stress model 
 
The self-ordering phenomenon in NAA has been attributed to a mechanical 
stress at the metal/oxide interface [128, 129]. During the anodization, since the 
density of Al2O3 is lower than metallic aluminum by a factor of 2, the volume of 
the oxide formed expands about twice the original volume of the aluminum sub-
strate. This volume expansion (ξ) creates a compressive stress at the metal/oxide 
interface.  This compressive stress generates repulsive forces that lead to pore 
ordering. However, if ξ is maximal (ξmax  ≈ 2), the anodization process will re-
sult in a barrier-like alumina layer. If the stress is very small (ξ < 1.2), the repul-
sive forces generated by the compressive stress are insufficient to promote the 
self-ordering phenomenon and a disordered pore structure is achieved. There-
fore, in order to achieve pore self-ordering, a moderate volume expansion of ξ ≈ 
1.2 is required. 
 
3.2.4. ANODIZATION PARAMETERS 
 
Potential 
 
One of the most limiting factors during the anodization of aluminum is the 
applied potential (U). This parameter is linearly proportional to the interpore 
distance (Dint) as shown in equation 3.7. 
𝐷𝑖𝑛𝑡 = 𝑘𝑈         (3.7) 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Nanoporous anodic alumina fundamentals 
59 
 
Where k is the proportionality constant. This linear correlation has been ex-
perimentally elucidated as: k ≈ 2.5 nmV-1 for mild anodization (MA) regime 
[92, 101], and k ≈ 2.0 nmV-1 for hard anodization (HA) regime [102]. 
Barrier layer thickness (tBLA) has also been correlated with Dint, and has been 
estimated to be half its value (tBLA = 0.5 Dint) [102]. 
 
Electrolyte 
 
Electrolyte composition is crucial for the fabrication of high-quality NAA 
films [101]. Even though several exotic acids such as tartaric and formic acid 
have been tried lately, NAA fabrication is traditionally performed in either sul-
furic, oxalic or phosphoric acid. Sulfuric acid is used for anodization at low po-
tentials (typically 20 V for MA and 40 V for HA), oxalic acid is used for inter-
mediate potentials (i.e. 40 V for MA and 120 V for HA) and phosphoric acid is 
used for high potentials (i.e. 160-195 V).  This division is related with the prop-
erties of each acid and mainly, on their pH and conductivity. pH directly affects 
the pore size. The lower the pH, the lower the potential required for pore for-
mation. Thus, a lower pH allows the fabrication of smaller pores. The effect of 
electrolyte conductivity is also important. Highly conductive electrolytes like 
sulfuric acid are limited to low potentials due to the high current developed and 
the resulting heat generated by Joule’s effect. 
 
Temperature 
 
Temperature has a direct effect on the anodization of aluminum foils. Higher 
temperatures result in wider pores due to the stronger dissolution of the formed 
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alumina in acidic electrolytes. This is one of the reasons for which temperature 
has to be kept below room temperature during the electrochemical etching. The 
other reason is to avoid heat generation at the pore tips due to Joule’s effect. 
Localized heat results in inhomogeneous oxide growth that leads to oxide 
breakdown (also known as “burning” of the NAA sample). This “burning” ef-
fect is more common at high potentials, where localized heat is prone to produce 
inhomogeneous electric fields. On the other hand, lower temperatures result in 
slower growth rates. Also, if the temperature is below 0 °C and water-based 
electrolytes are used, freezing of the electrolyte might occur. Typical operating 
temperatures are 5 °C for sulfuric and oxalic acids under MA conditions, and 0 
°C for phosphoric acid under MA conditions and sulfuric and oxalic acids under 
HA conditions. 
 
Viscosity 
 
Recently, it has been discovered that the viscosity of the electrolyte has a di-
rect effect on the resulting nanostructure. This effect is related with the reduc-
tion of the electrophoretic velocity (υ) of the ions as expressed in equation 3.8 
[130]. 
𝜐 =
𝜖𝜁𝐸
𝜋𝜂
         (3.8) 
Where ϵ, ζ, E, and η are the dielectric coefficient, zeta potential, electric field, 
and the viscosity coefficient, respectively. 
This reduction of υ reduces the current density developed during the anodiza-
tion. This reduces the growth rate of NAA but also reduces Joule’s effect and 
prevents localized heating at pore tips. For this reason, increasing the viscosity 
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of the electrolyte helps to avoid oxide breakdown, especially at high electric 
fields. 
Ethyleneglycol (EG), polyethyleneglycol (PEG) and glycerol are the com-
mon additives used for adjusting the electrolyte viscosity. These chemicals, 
apart from reducing υ, they also prevent chemical dissolution of the porous 
structure by the electrolyte, thus reducing the porosity of the resulting NAA film 
[131]. 
Apart from stabilization of anodization at high potentials and reduction of po-
rosity, it has been proved to have a direct effect on Dint. An experiment in which 
0.3M oxalica acid electrolytes with glycerol concentrations between 0 (water-
based electrolye) and 100 % (glycerol-based electrolyte) revealed that higher 
viscosities result in larger Dint [132].  This dependence was linear to the loga-
rithm of the resulting viscosity. Moreover, they found that for a glycerol-based 
electrolyte no pores were generated and a barrier-type alumina layer was pro-
duced. 
 
Aluminum substrate 
 
In order to obtain high-quality NAA films, high purity aluminum foils are re-
quired (≥ 99.99 %). The presence of impurities in the aluminum substrate leads 
to defects in the structure that may be due to volume expansion differences or 
electric field disturbances. Recently, it has been reported how aluminum foils 
with a lower purity (99.8 %) present differences with respect to the highest puri-
ty foils (99.999 %) [133]. In this work, it was observed how lower purity leads 
to slightly smaller and branched pores and how this effect increased with the 
electric field. 
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3.3. FABRICATION PROCEDURE OF NANOPOROUS ANODIC ALUMINA 
 
3.3.1. EXPERIMENTAL SETUP 
 
 
Figure 3.6. Experimental equipment required for the fabrication of NAA 
films. 1: personal computer; 2: power supplies for anodization; 3: power supply 
for the stirrer; 4: multimeters; 5: cooling systems for anodizations; and 6: cool-
ing plates for refrigeration of the electrochemical cells. 
 
1 
2 
3 
4 
5 
6 
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The experimental setup available in our research facilities for the fabrication 
of NAA films is presented in figure 3.6. The setup consists in a power supply 
controlled with a personal computer, a power supply for the electrolyte stirring 
and a cooling system to maintain the temperature of the anodization cell below 
room temperature. In order to ensure more productivity and prevent delays in 
the results due to maintenance or breakdowns, the setup is duplicated.  
 
Figure 3.7. Electrochemical anodization cell used for the fabrication of NAA 
films. A) side view of the cathode; B) bottom view of the cathode; C)cells for 1: 
single sample anodization, 2: quadruple sample anodization, 3: 7 sample ano-
dization and 4: 36 array anodization. 
 
Our lab has been dedicated to improve the electrochemical anodization cell 
continuously. Figure 3.7 shows the actual anodization cell. Our anode consists 
in a copper plate and our cathode (figure 3.7A and 3.7B) consists in a platinum 
A B 
C 
2 1 
3 4 
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mesh placed in a Teflon holder. The cathode is coupled with a stirrer to remove 
the hydrogen bubbles generated during the anodization and a metal cylinder 
covered by a thermal insulator to maintain the electrolyte below room tempera-
ture. Figure 3.7C shows the four kinds of anodization cells available in our lab. 
Our equipment allows us to perform from single anodization to 36 arrays of 
NAA films 
 
3.3.2. SOFTWARE 
 
The control over the anodization of aluminum sheets was performed with 
custom-made LabView-based programs. Figure 3.8 shows a screen capture of a 
program designed for the fabrication of NAA monolayers. Accurate control of 
the characteristics is achieved by adjusting the voltage and controlling either the 
anodization time or the total charge passing through the anodization cell. 
 
 
Figure 3.8. LabView-based software used for the fabrication of NAA films. 
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3.3.3. PRETREATMENT 
 
As purchased aluminum foils do not possess the requirements to obtain high-
ly ordered NAA thin films. This is so due to their fabrication procedure. During 
manufacturing, Al foils develop high roughness and their grain size is typically 
too small to obtain large domains. Therefore, Al substrates must be pretreated to 
ensure high-quality NAA films. 
Annealing 
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Figure 3.9. Typical annealing temperature profile. Blue (dotted) and red 
(dashed) lines show the recrystallization and melting temperatures for Al. 
 
The process of annealing is a well-known thermal treatment used to eliminate 
material stress. This temperature profile is represented in figure 3.9. It consists 
in a fast increment of the temperature of the metal to an intermediate value be-
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tween its recrystallization and its melting temperatures followed by a slow de-
crease. Typically, this process uses temperatures close to the recrystallization 
value for shorter times as big grains are not desirable for mechanical purposes. 
However, for the fabrication of highly ordered NAA films, we require huge 
grains, as this will lead to larger self-ordered domains [134]. Figure 3.10 shows 
a photograph of a high-purity Al foil after annealing showing a grain size of 1-2 
mm
2
. 
 
Figure 3.10. Photograph of a high-purity aluminum foil after annealing. The 
foil was chemically etched in order to reveal the grain structure. The resulting 
grains had an area of 1-2 mm
2
. 
 
Polishing 
 
The growth of NAA is perpendicular to the substrate. For this reason, flat 
surfaces with a very low roughness are required to develop self-ordered films. In 
our group, three polishing techniques have been tried: mechanical, chemical and 
electrochemical. 
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Mechanical polishing 
 
Mechanical polishing is probably one of the best options to obtain large flat 
surfaces with a low level of defects. This technique is desirable when flatness is 
crucial (i.e. template synthesis). It can be performed either manually or automat-
ically.  However, it is slow. It requires decreasing the grain size of the abrasive 
material slowly to achieve good results. Furthermore, it is limited to the grain 
sizes of both sandpaper and colloidal solutions. Therefore, based on the availa-
ble colloidal suspensions in the market, the minimum roughness that can be 
achieved is roughly 100 nm. 
 
Chemical polishing 
 
Chemical polishing of Al substrates has been proposed as an alternative to 
electrochemical polishing in an attempt to overcome its low throughput and re-
quirement of complex equipment [135]. Moreover, it avoids the hazards related 
with perchloric acid. This process consists in immersing the Al substrate in a 
mixture of 15 parts of nitric acid 68 % wt and 85 parts of phosphoric acid 85 % 
wt. for 5 minutes followed by neutralization of the sample in 1 M sodium hy-
droxide for 20 min. This process results in a roughness comparable to that of 
electrochemical polishing without the need of power supplies or the dangerous 
perchloric acid. 
 
Electrochemical polishing 
 
Electrochemical polishing (also known as electropolishing) is the most wide-
spread technique for polishing Al foils. It is a fast technique that results in a mir-
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ror-like finish. Several electrolytes are available for electropolishing, but the 1:4 
v:v mixture of perchloric acid in ethanol  is the most popular. However, this 
technique has some disadvantages. Perchloric acid is a strong oxidant and must 
be handled with extreme caution. The preparation of the electropolishing mix-
ture has to be done below 0 °C as there is risk of explosion due to the heat gen-
erated during the mixing. Also, alternated stirring is required in order to obtain 
high-quality surfaces. For most applications, electropolishing is appropriate, but 
should be avoided if extreme flatness is crucial, as the stirring affects the homo-
geneity of the Al dissolution leaving a macroscale shape that affects the flatness. 
 
3.3.4. ANODIZATION 
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Figure 3.11. Experimental correlation of Dint and applied voltage for sulfuric, 
oxalic and phosphoric acids under MA conditions; and sulfuric and oxalic acid 
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under HA conditions. Blue and red lines are the linear fittings for MA and HA 
regimes respectively. 
 
At our labs, two kinds of Al anodization procedures were made: mild ano-
dization (MA) and hard anodization (HA). Figure 3.11 shows typical anodiza-
tion regimes for sulfuric, oxalic and phosphoric acids. 
 
Mild anodization 
 
MA is based on anodization of Al foils under potentiostatic conditions and 
small potentials. It is characterized by the slow linear growth of the NAA film. 
Multiple domains of self-ordered pore arrays can be obtained under MA condi-
tions by the two-step anodization procedure [100]. Its j-t transient is homolo-
gous to the one presented in figure 3.1. The self-ordering of this structure is 
governed by the 10 % porosity rule [101]. All our biosensing experiments were 
performed using NAA fabricated under MA conditions. 
 
Hard anodization 
 
HA appeared as an alternative to MA to produce NAA films fast and opened 
new self-ordering regimes for oxalic and sulfuric acids (see figure 3.11). Contra-
rily to MA, the growth of the NAA films is not linear and the resulting films 
display porosities around 3.3 % [102]. It must be noted that the fracture is also 
different, in NAA fabricated under MA conditions films break through the pores 
while NAA fabricated under HA conditions breaj at cell boundaries. Figure 3.12 
shows the j-t transient profile of a NAA sample fabricated under HA conditions. 
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Due to the high electric field, HA must start with the generation of a protec-
tive layer of disordered NAA by starting the anodization under MA conditions 
(region I). This protective film minimizes oxide breakdown at high electric 
fields and enables uniform film growth. Once this protective layer is created, 
voltage is slowly increased at a rate of 0.5V·s
-1
 (region II). This region is known 
as transient anodization (TA) and is performed to ensure homogeneous nuclea-
tion of pores for high-field anodization. During stage II, a steady increase of the 
generated current can be observed. Finally, the HA voltage is achieved and 
maintained throughout the rest of the anodization (region III).  In this stage, cur-
rent density decreases exponentially due to hindered diffusion of the ionic spe-
cies (O
2¯
, OH
¯
 and Al
3+
). 
 
Figure 3.12. j-t transient of a NAA sample fabricated in 0.3 M oxalic acid at 
1 °C under HA conditions. I: MA voltage for the generation of a protective 
NAA layer; II: gradual increase of the applied voltage to reach the HA value; 
and III: anodization under HA voltage. 
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The resulting structure of the NAA manufactured under HA conditions con-
sists in a three-layer structure of: 
a) disordered porous layer with a smaller interpore distance (protective lay-
er generated during the MA in stage I) 
b) a transition layer in with a high degree of pore merging (layer generated 
during the TA in stage II) 
c) a self-ordered porous layer with a small porosity (3.3-3.4 %) and a larger 
interpore distance (layer generated during the HA in stage III). 
The high electric field applied promotes fast self-ordering due to the strong 
repulsive forces generated between pores. The self-ordering in HA is strongly 
dependent on the electric field applied and higher voltages lead to more ordered 
pores [102, 136].  
 
3.4. CHARACTERIZATION OF NANOPOROUS ANODIC ALUMINA 
 
3.4.1. STRUCTURAL CHARACTERIZATION 
 
Qualitative characteristics of NAA 
 
As we explained in previous sections, NAA manufactured by the two-step 
anodization procedure results in self-ordered arrays of pores arranged in do-
mains of different orientations. Figure 3.13A shows a high-quality SEM micro-
graph of an array of pores within the same domain. These pores are distributed 
in a honeycomb fashion and present two distinct oxide layers. The regions cor-
responding to the pores, the outer oxide layer and the inner oxide layer are de-
limited by blue, green and red lines respectively in figure 3.13B. This duplex 
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oxide structure is a result of the anodization process. The inner layer consists of 
“pure alumina” while the outer layer is anion-contaminated. Under optimum 
self-ordering regimes, the ratio between the thickness of the “pure alumina” 
layer on the pore wall (τin) and the thickness of the outer oxide layer of the pore 
wall (τout) is constant regardless of the applied voltage or electrolyte used and 
equal to τin /τout = 0.2 ± 0.02 [101]. The high degree of ordering of the sample 
can be perceived in the 2D fast Fourier transform (FFT) of the SEM (figure 
3.13C). The low degree of evenly scattered FFT maximums in the power spec-
trum accounts for the high degree of ordering of the structure. Figure 3.13D 
shows an SEM cross-section of the bottom region of the NAA sample. Straight 
uniform and parallel nanochannels can be appreciated. These nanochannels are 
truncated at the end by a hemispherical cap of dense non-porous alumina layer. 
 
Figure 3.13. Structural characterization of NAA. A) SEM top-view of an as-
produced NAA fabricated in 0.3M oxalic acid under MA conditions; B)image 
processing of A) depicting the pore diameter (blue lines), anion incorporated 
layer (green lines) and cell size (red lines); C) shows the 2D FFT of A) demon-
A B 
C D 
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strating the high degree of self-ordering of the structure; and D) shows the bot-
tom part of the cross section of the NAA sample, it can be observed that pores 
are capped by a thick barrier layer of alumina. 
 
Calibration of pore growth 
 
From SEM analysis calibration of pore growth can be easily elucidated with 
proper cross-sections. To estimate layer thickness it is crucial that the resulting 
layer is clearly visible from top to bottom. For this reason, bending of the NAA 
sample to induce cracking should be avoided for thick samples (i.e. >500 nm). 
Another important factor to take into account is that the micrograph must be 
taken perpendicularly to the cross section. Otherwise, false measurements may 
be obtained due to the unknown tilting angle. The best procedure to obtain such 
good cross-sections is by selective partial dissolution of the Al bulk in 
HCl:CuCl saturated solution and subsequent cut of the free-standing NAA 
membrane close to the remaining Al substrate. 
Traditionally, pore growth calibration has been performed relying on the time 
dependence of the electrochemical reaction (see figure 3.14). However, this is 
only reliable if the anodization parameters (i.e. voltage, electrolyte composition 
and temperature) are constant throughout all experiments. This forces to have 
several calibration curves, one for each electrolyte and voltage associated. Be-
sides, temperature is especially tricky to be perfectly maintained throughout the 
experiments regardless of the refrigerating system, especially during summer 
season. For this reason, total charge calibration has been developed in our group 
(see figure 3.15). Total charge calibration is based on the fact that the anodiza-
tion of aluminum is mainly governed by the migration of ionic species (i.e. 
mainly O
2¯
, OH
¯
 and Al
3+
) to the respective electrodes. Therefore, the resulting 
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current developed in the electrochemical cell during the anodization process is 
directly proportional to the amount of alumina generated. Thus, this calibration 
is independent of the anodization parameters as the total charge passed through 
the electrodes will give us the information about the amount of NAA produced 
regardless of the electrolyte, temperature, voltage or time. However, this calibra-
tion is completely uncertain about the time required for the development of a 
specific NAA layer thickness, which makes experiment timing tricky if a time-
dependent calibration is not available. 
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Figure 3.14. Calibration curve of the thickness of NAA for mild anodization 
in oxalic acid based on time dependence. 
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Figure 3.15. Calibration curve of NAA growth based on total charge density. 
This curve allows a precise control over the growth of NAA independently of 
electrolyte composition, applied voltage or process temperature. 
 
Calibration of pore widening post-treatments 
 
In order to have full control over the characteristics of NAA, pore diameter 
calibration is required. The most common technique to achieve NAA with dif-
ferent porosities is by wet chemical etching in phosphoric acid [137, 138, 139, 
140, 141]. This post-treatment allows good control over the pore diameter and 
can be easily calibrated by image analysis of SEM top-views. However, it must 
be taken into account that the porosity variation for a specific pore widening 
time (tpw) is strongly dependent on the applied voltage [141]. This could be at-
tributed to the homogeneous dissolution rate of the pore walls. Given a specific 
dissolution rate, lower voltages result in higher pore density, smaller interpore 
distance and thinner pore walls. Therefore, the thinner pore walls obtained at 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter III 
76 
 
lower voltages result in a faster increase of the porosity by pore widening post-
treatments. Another phenomenon that could be attributed for this difference is 
the variability of electrolyte-associated contamination in the outer oxide layer 
with the applied voltage. The applied voltage has a direct influence on the 
amount of electrolyte anions embedded in NAA. This effect can be easily appre-
ciated when comparing samples fabricated in MA and HA conditions in which 
NAA obtained under high electric fields resulted in a lower anion concentration 
in the oxide matrix [102]. Therefore, the applied voltage has a direct effect on 
the oxide composition and thus, on the pore widening rate. This dependency of 
the pore widening on the applied voltage can be used to our advantage to pro-
duce complex NAA samples [142]. 
During our work, we centered our attention on the fabrication of NAA fabri-
cated in 0.3 M oxalic acid under MA conditions due to its suitable properties for 
optical biosensing. Figure 3.16 shows the results from the calibration of the pore 
widening post-treatments in 5 % wt. phosphoric acid at 35 °C. Figure 3.16a and 
3.16b show the pore diameter and porosity variation as a function of tpw respec-
tively. Pore diameter obtained after each tpw have more dispersion than the cor-
responding porosity. This is due to the fact that our method for measuring the 
porosity from SEM micrographs takes into account the differences in the cell 
size of each pore and thus, provides a better estimation of the porosity (see ap-
pendix A). Interpore distance (figure 3.16c) is not affected by pore widening 
post-treatments. However, the etching rate (figure 3.16d) is dependent on the 
tpw. It can be observed that, as alumina is etched, different etching rates are 
achieved and how the etching rate decays when the etching reaches the inner 
anion-free alumina layer. This confirms the effect of electrolyte contaminants in 
the oxide matrix on the pore widening post-treatments. 
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Figure 3.16. Calibration of pore widening post-treatments in NAA manufac-
tured under mild oxalic acid anodization. a) shows the variation of the pore di-
ameter with increasing pore widening time, b) shows the increase of porosity 
with the increasing pore widening time, c) shows how interpore distance is not 
affected by the pore widening process and d) shows the different pore widening 
rates demonstrating that pore wall composition affects the dissolution rates. 
 
3.4.2. OPTICAL CHARACTERIZATION 
 
One of the most important characteristics of NAA is the ability to tune its op-
tical properties by adjusting its structural characteristics. In the following sec-
tions, these optical properties will be discussed in detail. 
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Reflectance 
 
UV-Vis reflectance spectroscopy is the most adequate technique to elucidate 
the optical characteristics of NAA. This is so due to the high reflectivity of the 
Al bulk beneath the porous oxide layer. Nevertheless, the properties of this Al 
substrate can be also be tuned by electrochemical etching. Figure 3.17 shows the 
reflectance properties of several kinds of Al substrates. As purchased aluminum 
foils display a low reflectivity of just 40-45 %. This low reflectivity is associat-
ed to the high roughness of the foils as a result of the rolling manufacturing pro-
cedure. This roughness is of the order of microns which results in a decrease of 
the reflectance efficiency. Electropolished Al sheets display the highest reflec-
tance of all the studied substrates, even higher than that of our Al calibration 
mirror.  This is due to the extremely low roughness left on the Al after the elec-
trochemical polishing process, which is of the order of just a few nanometers. 
For comparison, two Al foils were anodized in 0.3 M oxalic acid at 40 V and 5 
°C and in 1 % wt. phosphoric acid at 174 V and 0 °C. The resulting NAA films 
were selectively dissolved in a mixture of 6 % wt phosphoric and 1.8 % wt. 
chromic acid at 70 °C for 3 h. The reflectance of these textured Al foils was 
measured and the resulting responses are displayed also in figure 3.17. The alu-
minum patterned at 40 V showed a slightly lower reflectivity than the elec-
tropolished sample. This is a result of the increase of roughness from a few na-
nometers to some tens of nanometers. However, the aluminum patterned at 174 
V displayed a distinct stop-band around 350 nm. This band is a result of the high 
distance between the pits left on the substrate as a result of the high field ano-
dization (i.e. 440 nm). Since this distance is similar to the wavelength of light, 
light scattering occurs giving the sample a bluish color and this distinct reflec-
tance curve. 
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Figure 3.17. Reflectance spectra of different kinds of aluminum substrates. 
As purchased aluminum foils display a very low reflectivity due to the high 
roughness, while electropolished foils display the highest reflectivity. Concavi-
ties left on the aluminum substrate due to self-ordering decrease their reflectivity 
due to scattering losses. 
 
Since our goal was to develop optical biosensors based on NAA, we also 
checked the reflectance properties of the porous oxide films fabricated in both 
oxalic and phosphoric acid. The results are displayed in figure 3.18. It can be 
observed how in both cases, overall reflectivity decays as wavelengths approach 
the ultraviolet region. This can be associated to absorption of the oxide film. In 
the case of NAA manufactured in phosphoric acid, it can be observed how the 
scattering present in the Al substrate (see figure 3.17) widens and with just 5 
µm, the overall reflectance within the 300-600 nm range falls to 10 %. Moreo-
ver, the Fabry-Pérot (F-P) oscillations arising from constructive and destructive 
interference of the light reflecting at both interfaces of the NAA film are almost 
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imperceptible in the phosphoric acid sample. This features forced us to work 
with NAA manufactured in oxalic acid to ensure enough interferences for bio-
sensing. 
 
300 400 500 600 700 800
0
10
20
30
40
50
60
70
80
90
100
 
 
R
 (
%
)
Wavelength (nm)
 Oxalic 40 V
 Phosphoric 174 V
 
Figure 3.18. Reflectance spectra of 4-µm thick NAA thin films fabricated in 
oxalic acid 0.3 M at 40 V and 5 °C and with phosphoric acid 1 % wt. at 174 V 
and 0 °C.  
 
With the aid of a fiber optic spectrophotometer, homogeneity studies of NAA 
sample fabrication can be performed. To do so, a 36 array of NAA samples were 
simultaneously anodized. Subsequently, this array was measured with the fiber 
optic spectrometer and 9 spots of a diameter of roughly 1 mm were measured in 
each of the NAA of the array. The resulting spectra was analyzed and the effec-
tive optical thickness (EOT = 2nL) was obtained. Figure 3.19, shows an EOT 
map of the samples present in the 36 array. Results show that the samples fabri-
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cated simultaneously are highly reproducible. Statistical analysis revealed that a 
dispersion of just 1.6 % in the EOT was appreciated among the samples. More-
over, if we look at the EOT map, we can observe a redder region displaced from 
the center of the array. This redder region accounts for a slightly larger EOT in 
the samples and correlates with the position of the stirrer in the cathode of the 
electrochemical anodization cell (see figure 3.7b). 
 
 
Figure 3.19. EOT map obtained from several measurements on an array of 
36 as produced NAA samples. The resulting samples are highly reproducible 
and display a dispersion of just 1,6 %. The redder region observed correlates 
with the position of the stirrer in the anodization cell. 
 
Also, with a fiber optic spectrophotometer, it is possible to elucidate the re-
peatability of the pore widening post-treatment with phosphoric acid. To do so, 
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the array of 36 NAA samples depicted in figure 3.19 was divided into three sec-
tions, and pores were widened for each of the sections for tpw = 0 min, tpw = 10 
min and tpw = 20 min. The resulting samples were measured and the obtained 
EOTs are displayed in figure 3.20. Blue squares represent samples treated for tpw 
= 20 min, green/yellow samples were treated for tpw = 10 min and red/orange 
samples are as produced samples (i.e. tpw = 0 min). Figure 3.20 shows that the 
pore widening treatment is highly repeatable with just a dispersion of 1.6 % for 
as produced samples (which is in good agreement with the results from figure 
3.19), 1.4 % for tpw = 10 min, and 1.8 % for tpw = 20 min. 
 
Figure 3.20. EOT map of a 36 NAA array after applying a pore widening 
post treatment for tpw = 0 min (red and orange region), tpw = 10 min (yellow and 
green region) and tpw = 20 min (blue region). The results obtained show a high 
reproducibility with a dispersion of 1,6, 1,4 and 1,8 % respectively. 
Nevertheless, even though the EOT maps display homogeneities higher than 
98 %, this is not enough repeatability for biosensing as increments in EOT (ΔE-
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OT) are typically < 1%. Real-time sensing of exactly the same spot overcomes 
this issue. Since the measured spot is always the same, sample’s inhomogeneity 
does not affect the measurement and all the ΔEOT registered can be adscribed to 
changes in the properties of the NAA film. Therefore, if proper functionalization 
has been applied to the pores’ surface, ΔEOT will account for the biochemical 
interaction between the receptor attach to the pores and its specific analyte. 
Apart from the repeatability assessment, these 2-D graphs allow us to see the 
EOT of the samples depending on the exact spot on the sample.Therefore, if 
enough spectrometer channels are available, dispersion within and between 
samples can be measured, which is particularly interesting for the development 
of sensing platforms. 
 
Photoluminescence 
 
Back in 1999, it was found that NAA fabricated in either oxalic or sulfuric 
acid displayed a strong blue photoluminescence upon UV illumination [143]. 
From then on, efforts have been focused on studying the properties and applica-
tions of the photoluminescence of NAA [144, 145, 146, 147, 148, 149, 150, 151, 
152, 153, 154, 155]. Photoluminescence (PL) behavior has been reported for 
sulfuric, oxalic acids and recently, malonic acid. NAA fabricated under conven-
tional two-step oxalic acid anodization has been the most studied for having the 
strongest PL response [143]. Figure 3.21 shows the PL from as produced NAA 
films with different thicknesses.  
The oscillations displayed are a result of the F-P interferences due to the thin 
nature of the NAA films. It can be appreciated how photoluminescence increas-
es with layer thickness. The PL emission of NAA results from the sum of two 
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different emissions. Most of the authors coincide in the fact that one of these 
emissions (centered around 420 nm) comes from ionized oxygen vacancies (also 
known as F
+
 centers) in the porous matrix, while the second peak (also known as 
F centers, centered around 480 nm) is associated with oxalate impurities embed-
ded in the oxide [147, 153]. 
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Figure 3.21. Photoluminescence spectra of NAA samples manufactured in 
oxalic acid with different thicknesses. The resulting spectra display F-P oscilla-
tions due to the thin nature of the NAA films. 
 
Effect of annealing 
 
The PL response of NAA has been reported to be enhanced with heating post 
treatments [145, 151, 153]. Thermal annealing increases the PL intensity until 
500 °C. This increase has been associated to an increase of the amount of F
+
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centers [143] as well as chemical modification of the oxalate impurities [147]. 
Further increase of the temperature leads to an abrupt decrease in the PL re-
sponse due to annihilation of the F
+
 centers due to oxygen migration and con-
version of oxalate anions to CO2. 
 
Effect of etch treatment 
 
Apart from annealing, wet chemical etching of the pores in NAA can also al-
ter the PL emission. In an initial work, it was reported that increasing the etch-
ing time resulted in an increment of the PL intensity [149]. This increase was 
associated to a better excitation of the F
+
 centers situated deeper in the pore 
walls. However, this work was based on thick NAA films (i.e. ≥ 24 µm). In our 
lab we performed a similar experiment with multiple thicknesses. Figure 3.22 
and 3.23 display the results. 
The color map depicted in figure 3.22 shows the photoluminescence distribu-
tion of a total of 30 samples with thicknesses ranging from 2.5 to 14 µm and 
etched with 5 % wt. phosphoric acid at 35 °C for up to 24 min. Results show a 
considerable increment of the photoluminescence intensity as a function of the 
anodization time as expected by the increasing amount of luminescent material. 
Apart from that, for thick samples it is observed that after an initial decrease of 
the PL signal, increased emission is observed between 10 and 20 min of etching 
followed by a sharper decrease of the photoluminescence for longer etching 
times. This is in good agreement with the previously reported results [149]. 
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Figure 3.22. Contour plot showing the effect of pore widening on the photo-
luminescence of NAA thin films fabricated in oxalic acid with different thick-
nesses. 
Figure 3.23 shows the increment in the PL response of the NAA films with 
increasing etching treatments. It can be observed that longer etching times do 
not always result in an increment of the PL emission. In fact, for samples around 
2 -2.5 µm, the emission reduces with the etching time. As the film thickness 
increases, regions in which the emission of the sample increases with wet chem-
ical etching of the pores start to appear. The time range of these regions depends 
on the anodization time. As samples become thicker, more etching is required to 
observe an increment in the PL emission. This is in good agreement with previ-
ously reported results based on samples anodized for 4 h [149]. The reasons for 
these differences in the PL response as a function pore wall etching are related 
with the total amount of luminescent centers available. F
+
 centers are located 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Nanoporous anodic alumina fundamentals 
87 
 
deeper in the pore wall while oxalate impurities are available in the outer oxide 
layer. Dissolution of pore walls allows better excitation of luminescent centers 
inside pore walls (i.e. mainly F
+
 centers). However, if the sample’s thickness is 
too thin, the total number of F
+
 centers is reduced and most of the photolumi-
nescence available is related with the oxalate species present in the outer oxide 
layer. Thus, if sample thickness is too thin, pore widening post-treatments will 
result in a decrease of the overall photoluminescence. Nevertheless, if sample 
thickness is thick enough, the enhanced excitation of luminescent centers locat-
ed deeper at the pore walls will result in an enhancement of the overall photo-
luminescence. 
 
 
Figure 3.23. Contour plot displaying the increment induced in the photolu-
minescence intensity of NAA thin films with different thicknesses by pore wid-
ening post treatments. 
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Refractive index 
 
With the data from SEM, reflectance UV-Vis spectroscopy and PL analysis it 
is possible to elucidate the effective refractive index (neff) of NAA thin films as 
well as the refractive index of the alumina bulk (nbulk). 
neff of NAA thin films can be obtained from the position of the interferences 
by the Fabry-Pérot relationship (eq. 3.9): 
𝑚𝜆 = 2𝑛𝑒𝑓𝑓𝐿𝑝cos 𝜃       (3.9), 
Where m is the order of the oscillation, λ is the position of the maximum, neff 
is the effective refractive index of the layer, Lp is the physical thickness of the 
layer and θ is the refraction angle. 
For two consecutive maxima, the expressions are: 
𝑚𝜆𝑚 = 2𝑛𝑒𝑓𝑓𝐿𝑝 cos 𝜃   
And 
(𝑚 + 1)𝜆𝑚+1 = 2𝑛𝑒𝑓𝑓𝐿𝑝 cos 𝜃      (3.10) 
Therefore, if the position of two conscutive oscillations is known, neff can be 
calculated from the reflectance spectrum by the following equation: 
2𝑛𝑒𝑓𝑓𝐿𝑝 cos 𝜃 (
1
𝜆𝑚+1
−
1
𝜆𝑚
) = 1      (3.11) 
However, normally the refraction angle θ is not known. For this reason eq. 
3.11 has to be transformed so as to be in terms of the incidence angle (θ0): 
𝑛𝑒𝑓𝑓 = √sin2 𝜃0 + [2𝐿𝑝 (
1
𝜆𝑚+1
−
1
𝜆𝑚+1
)]
−2
    (3.12) 
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Since the neff can be obtained from F-P oscillations, neff can be calculated 
from either reflectance or PL spectra. Figure 3.24 shows the resulting neff 
obtained from the analysis of both reflectance and PL spectra of NAA with 
different thicknesses and porosities. It can be appreciated that both methods 
display a similar neff and a linear relationship with the porosity of the NAA film. 
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Figure 3.24. Dependence of the refractive index of anodic alumina bulk 
(nbulk) estimated from the fitting with Bruggema’s effective medium approxima-
tion (a) and of NAA neff (b) as a function of porosity. Results are obtained from 
photoluminescent and reflectance data of four sets of samples with known 
thickness and porosity estimated from SEM analysis. nbulk data was obtained 
applying Bruggeman’s effective medium approximation and show good agree-
ment with the intercept obtained from the linear fitting of neff at P = 0 %. 
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In order to extract the nbulk, it is necessary to know the porosity of the NAA 
film. If porosity is known, then effective medium approximation can be applied 
to elucidate nbulk. For this reason, SEM analysis is a must to obtain nbulk. Results 
presented in figure 3.24 show nbulk calculated from Bruggeman’s equation (eq. 
3.13): 
(1 − 𝑃)
𝑛𝑏𝑢𝑙𝑘
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑏𝑢𝑙𝑘
2 +2𝑛𝑒𝑓𝑓
2 + 𝑃
𝑛𝑚𝑒𝑑𝑖𝑢𝑚
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑚𝑒𝑑𝑖𝑢𝑚
2 +2𝑛𝑒𝑓𝑓
2 = 0     (3.13) 
Where P is the porosity of the film, nbulk is the refractive index of bulk alumi-
na, neff is the effective refractive index of the layer and nmedium is the refractive 
index of the material filling the pores. 
The values obtained with Bruggeman’s effective medium approximation are 
in good agreement with the 0 % porosity of linear fitting (nbulk ≈ nP=0% ≈ 1.67) of 
the refractive indexes obtained from both reflectance and PL spectra with the F-
P relationship (eq. 3.9). 
 
3.5. APPLICATIONS OF NANOPOROUS ANODIC ALUMINA 
 
The unique characteristics of NAA make it an interesting material for the de-
velopment of novel nanostructured materials. Up to date, NAA has been used as 
a template for the synthesis of nanomaterials [156, 157], as a mask for the depo-
sition of ordered arrays of nanoparticles [158], as a selective membrane for mo-
lecular separation [159, 160], as a reactor for catalysis [161, 162], as a drug de-
livery system [163], as a sensor [164, 165], and as a scaffold for tissue engineer-
ing [166, 167, 168]. 
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4.1. OPERATING PRINCIPLE OF RIFS 
 
 
Figure 4.1. Schematic representation of the working principle of NAA 
monolayer optical interferometric biosensors. 
 
Reflectance interferometric spectroscopy (RIfS) is an optical technique used 
to analyze the characteristics of thin films by examining their reflection upon 
white light illumination. As depicted in figure 4.1, when white light (I0) illumi-
nates the sample, part of the light is reflected (I1) at the top interface (interface 
a) and part of the light (I2) travels through the NAA film until it is reflected at 
the pores’ bottom (interface b). The superposition of these two light waves (i.e. 
I1 and I2) generates a series of constructive and destructive interferences (i.e. an 
oscillatory fingerprint). The position of these interferometric fringes is governed 
by the Fabry-Pérot relationship (eq.4.1): 
𝑚𝜆 = 2𝑛𝐿         (4.1) 
 
Where m is the order of the oscillation (integers for constructive interference 
and half integers for destructive interferences), λ is the wavelength of the oscil-
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lation, n is the effective refractive index of the thin film and L is the thickness of 
the film. 
According to equation 4.1, shifts in the position of the interferometric finger-
print may be related to either thickness variations or refractive index variations. 
In an initial work, planar RIfS biosensors were developed. These devices relied 
on the measurement of thickness variations by matching the refractive index of 
the thin film with the refractive index of the biochemical adlayer (nlayer ≈ nbiolayer 
≈ 1.45) [169]. Soon after, pSi was proposed as an alternative to planar RIfS [55]. 
These porous materials resulted in more noticeable shifts in the signal as a result 
of the higher surface area available for analyte capture. However, their signal 
was a result not only of the changes in the thickness of the interferometric cavi-
ty, but also the changes of the refractive index of the matter filling pores. In fact, 
the changes in the thickness of the thin film are almost negligible compared to 
those resulting from the effective refractive index. Nevertheless, in order to 
avoid distinguishing between analyte binding on top and inside the device, 
changes are often based on effective optical thickness (EOT = 2nL) shifts. 
 
4.2. BIOSENSING SIGNAL 
 
RIfS-based biosensors can monitor analyte capture using three main ap-
proaches as depicted in fig. 4.2: performing a fast Fourier transform of the spec-
trum [57], plotting the mode versus the inverse of the wavelength position and 
directly following the position of one of the fringes [10]. 
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Figure 4.2. Schematic representation of three different ways to obtain the bi-
osensing signal using RIfS. A) shows the shift in the position of the interference 
fringes as a result of analyte capture; B) shows the fast Fourier transforms of the 
interferograms in A whose peak allows monitorization of the binding event; C) 
order versus the inverse of the position of the interference fringes whose slope 
allows monitorization of the biochemical reaction; and D) direct tracking of the 
position of one of the interference fringes to monitor analyte capture. 
 
4.2.1. FAST FOURIER TRANSFORM (FFT) 
 
The FFT consists in performing a Fourier transform of the interference spec-
trum to convert the multiple oscillations into a single lorentzian peak. The re-
sulting peak can be easily tracked and its position corresponds to the EOT of the 
porous film. 
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Due to the nonlinear nature of the wavelength spectrum, FFT cannot be per-
formed directly from the acquired spectrum. The following pretreatment of the 
signal is required [59]: 
1. The wavelength (λ, nm) is converted to wavenumber (λ-1, nm-1) by 
inverting the x axis of the spectrum. This renders equispaced oscillations, 
which is necessary to perform a FFT, but data points are distributed at different 
intervals. 
2. Then, a cubic interpolation is performed in order to redistribute and 
redimension the data to 4096 points. In order to perform a FFT, it is necessary 
that data points are equispaced on the x axis. This interpolation spaces data 
points at a fixed interval. 
3. The resulting spectrum is windowed using a Hanning window. The 
edges of the interferometric spectrum analyzed are truncated sharply. This nor-
mally results in unwanted sidelobes next to the FFT peak. To avoid this, it is 
necessary that the edges of the data analyzed are equal to 0. Windowing modi-
fies the overall shape of the spectrum without affecting the oscillation frequen-
cy. 
4. Finally, the data is zero-padded to the power of two. This final pre-
treating step consists in adding 0s at the end of the data. These 0s do not affect 
the data, but improve the overall resolution of the FFT spectrum. 
This technique is approximately correct and sufficient for most sensing appli-
cations. Nevertheless, it assumes that the refractive index is constant at all wave-
lengths. Even though this is not true, if the wavelength range is sufficiently 
small, the variation of the refractive index within the range studied could be 
considered constant and the related errors could be regarded as negligible. 
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4.2.2. MODE VERSUS POSITION 
 
According to eq. 4.1, it is possible to elucidate the EOT from the position of 
the oscillations in the wavelength spectrum. 
𝑚𝜆 = 2𝑛𝐿 → 𝑚 = 2𝑛𝐿
1
𝜆
       (4.2) 
As seen in eq. 4.2, to find the EOT it is necessary to plot the order m of each 
oscillation versus the inverse of its position in the wavelength spectrum. This 
transformation allows us to have a linear relationship between the order of the 
oscillation and its position (see fig. 4.3). 
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Figure 4.3. Experimental data obtained from a 4-µm thick NAA thin film be-
fore and after the infiltration of protein A from staphylococcus aureus using the 
RIfS setup. 
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As depicted in fig. 4.3, after protein infiltration there is a shift in the position 
of the oscillations. With this method, what is actually measured is the slope of 
the m versus λ-1 which according to eq. 4.2 corresponds to the EOT of the layer. 
Therefore, upon protein immobilization or analyte binding, an increase in the 
slope would be detected. 
This method, even though correct, it is not normally used in the literature. 
This is due to the fact that the FFT method is superior when analyzing complex 
interferometric patterns (see chapter V), and it is more complicated than direct 
fringe monitorization. 
 
4.2.3. DIRECT FRINGE MONITORIZATION 
 
Another method which could be used to monitor the biochemical reaction is 
directly following the position of one of the oscillations in the spectrum [10]. 
This is supported by eq. 4.1, as the shift in position of the mode is directly relat-
ed with a change in the EOT. This method is particularly interesting for thin 
layers (< 1 µm), as the available oscillations is reduced and therefore insuffi-
cient to perform a FFT analysis. Similarly, if the thickness of the film allows a 
FFT analysis, it is not recommended to perform a direct fringe monitorization. 
This is so due to the fact that for thick films (i.e. ≥ 4 µm), even though eq. 4.1 is 
still valid, the greater amount of oscillations in the same region results in reor-
ganization of the interference fringes. This means that some interferences red-
shift and others blueshift in order to accommodate the new higher EOT.  
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Figure 4.4. Surface plot of the oscillation shift in each of the fringes of a 4-
µm thick NAA sample upon drop-wise infiltration of protein A as a function of 
time.  The black thick line at 1300 s marks the start of protein A infiltration. 
 
Fig 4.4 shows an experimental result of direct fringe monitorization of the 
oscillations in the 400-900 nm range on a 4 µm-thick NAA sample upon infiltra-
tion with protein A. It can be observed how each interference fringe has a differ-
ent response to the infiltration of protein A. Even though most tend to redshift, 
modes 1 and 2 present a blueshift behavior, and modes 3 and 4 show almost no 
response to protein A infiltration. Therefore, if these fringes were used to ana-
lyze the performance of the biosensor, they would result in false negatives 
whereas the FFT method would give a more accurate estimation of the biosens-
ing response. 
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4.3. TRANSDUCER DESIGN 
 
The development of biosensors requires deep knowledge of the properties of 
the material used in the bioreceptor-loaded interface as well as the detection 
technique used. In the previous section, we have discussed the operating princi-
ples of RIfS biosensing. It has been explained how the interference spectrum 
arising from white light illumination on a thin film depends on the EOT of the 
layer (eq. 4.1). Therefore, accurate tuning of the nanostructure of the thin film to 
match a certain EOT could lead to more accurate and sensitive optical biosen-
sors. 
In the case of NAA monolayers, the nanostructure can be easily adjusted by 
means of interpore distance, pore diameter, layer thickness and metal deposition 
on top of the layer. 
 
4.3.1. EFFECT OF INTERPORE DISTANCE 
 
One of the key parameters during the fabrication of NAA films is the applied 
voltage, which in turn, controls the interpore distance. This parameter is crucial 
as it will limit the possible pore diameters available for the structure. 
Fig. 4.5 shows the effect of different interpore distances (50, 100, 150, 200 
and 250 nm) in the refractive index of the structure. Larger interpore distances 
than the ones displayed in fig 4.5 were not studied due to their light scattering 
properties (see chapter III, fig. 3.18). The values displayed for the different pore 
diameters studied were calculated using Bruggeman’s effective medium approx-
imation. It can be observed how the slope of the refractive index decreases as 
the applied voltage (i.e. interpore distance) increases. Also, it can be observed 
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how larger interpore distances allow us to work with a wider range of pore di-
ameters as well as larger pores. These are important features since it can be seen 
how interpore distance, pore diameter and refractive index are intimately relat-
ed. Therefore, depending on the size of the molecule we want to detect, an ap-
propriate interpore distance should be chosen, taking into account that smaller 
interpore distance will lead to more sensitive refractive index variations. 
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Figure 4.5. Calculated refractive index for NAA films fabricated at 20, 40, 
60, 80 and 100 V with their available pore diameters. These applied voltages 
correspond to 50, 100, 150, 200 and 250 nm interpore distance respectively. 
 
4.3.2. EFFECT OF PORE DIAMETER 
 
As it has been explained in the previous section, interpore distance plays a 
key role in the refractive index variation slope as well as in the available pore 
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diameters for biomolecule immobilization. However, once this feature is fixed, 
the next crucial parameter that plays a key role in the design of NAA-based op-
tical biosensors is the pore diameter [170, 171, 172]. 
 
Theory 
 
The EOT of a NAA film measured in reflection depends on the effective re-
fractive index of the layer (neff) and its thickness (L) (see eq. 4.1). This means 
that both Δneff and ΔL can produce a shift in the EOT. However, since for RIfS 
biosensing thick layers (i.e. > 4 µm) are required, typically the effect of ΔL is 
negligible when compared to Δneff. Therefore, we can approximate that ΔEOT ≈ 
kΔneff. 
Once we have established that the ΔEOT is directly dependent on neff, the 
link between the sensitivity of the NAA film and the pore diameter becomes 
clearer. Nevertheless, before developing a model, it is necessary to fully under-
stand the working principle of biosensing in NAA films.  
The refractive index of a NAA layer depends on the refractive index of the 
bulk alumina (nalumina ≈ 1.67), the refractive index of the material filling the 
pores (in this case PBS pH 7.4, nPBS ≈ 1.33) and their respective volume frac-
tions. 
𝑛𝑒𝑓𝑓 = 𝑓1(𝑛𝑎𝑙𝑢𝑚𝑖𝑛𝑎) + 𝑓2(𝑛𝑃𝐵𝑆)      (4.3) 
 
Where f1 and f2 represent the volume fractions of each material. 
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When a biomolecule is attached, eq. 4.3 changes as some of the PBS is re-
placed by the biomolecule and therefore a third term corresponding to the bio-
molecule refractive index must be added (nbiomolecule ≈ 1.45). 
𝑛𝑒𝑓𝑓 = 𝑓1(𝑛𝑎𝑙𝑢𝑚𝑖𝑛𝑎) + (𝑓2 − 𝑓3)(𝑛𝑃𝐵𝑆) + 𝑓3(𝑛𝑏𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)  (4.4) 
 
It can be observed how the volume fraction of the bulk alumina remains con-
stant throughout the process, but the volume fraction of the PBS reduces due to 
the incorporation of the biomolecule. Therefore, since the refractive index of the 
biomolecule is larger than the refractive index of PBS, the EOT of the NAA film 
will increase (i.e. redshift) upon infiltration with biomolecular analytes. 
 
Model 
 
In order to simulate the effect of pore diameter on the performance of  NAA 
films for biosensing, a model has been developed a model based on Brug-
geman’s effective medium approximation [155]: 
𝑃1
𝑛𝑎𝑙𝑢𝑚𝑖𝑛𝑎
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑎𝑙𝑢𝑚𝑖𝑛𝑎
2 +2𝑛𝑒𝑓𝑓
2 +𝑃2
𝑛𝑃𝐵𝑆
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑃𝐵𝑆
2 +2𝑛𝑒𝑓𝑓
2 +𝑃3
𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛
2 +2𝑛𝑒𝑓𝑓
2 = 0   (4.5) 
 
Where P1, P2 and P3 represent the volumetric fractions of alumina, PBS and 
protein respectively; and nalumina, nPBS, nprotein and neff represent the refractive 
indexes of bulk alumina, PBS, protein and the effective refractive index of the 
structure respectively. 
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Thanks to the self-ordering properties of alumina, the porosity (P)can be cal-
culated from its geometric features and extract P1: 
𝑃 =
𝜋
2√3
(
𝐷𝑝
𝐷𝑖𝑛𝑡
)
2
        (4.6) 
Where Dp is the pore diameter and Dint is the interpore distance. 
Knowing the porosity of the NAA sample, it is possible to calculate P1 as fol-
lows: 
𝑃1 = 1 − 𝑃         (4.7) 
In order to calculate P2 and P3, it is necessary to know the amount of protein 
inside the structure. To do so, we assumed that the proteins formed a complete 
monolayer on the inner surface of the pores of NAA. Therefore, P2 can be calcu-
lated as follows: 
𝑃2 =
𝜋
2√3
(
𝐷𝑝−2𝑡
𝐷𝑖𝑛𝑡
)
2
        (4.8) 
Where t is the thickness of the protein adlayer. This thickness depends on the 
size of the target protein. A typical protein for biosensing assays is immuno-
globulin G (IgG) whose size is roughly 10 nm. However, even with full cover-
age of the pore surface with IgG, considering a thickness of 10 nm in the adlayer 
is not appropriate, since the voids between two adjacent proteins, due to inherent 
shape of the proteins themselves, provoques a certain roughness on the pore 
surface. For this reason, for the simulation purpose, we assumed a solid thick-
ness t = 5 nm in order to be able to compare the shifts in neff. 
Finally, P3 can be deducted from equations 4.8 and 4.6. 
 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Interferometric biosensing with NAA monolayers 
105 
 
𝑃3 = 𝑃 − 𝑃2 =
𝜋
2√3
[(
𝐷𝑝
𝐷𝑖𝑛𝑡
)
2
− (
𝐷𝑝−2𝑡
𝐷𝑖𝑛𝑡
)
2
]     (4.9) 
Thus applying eq. 4.6-4.9 to eq. 4.5 leads to the following expression: 
[1 −
𝜋
2√3
(
𝐷𝑝
𝐷𝑖𝑛𝑡
)
2
]
𝑛𝑎𝑙𝑢𝑚𝑖𝑛𝑎
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑎𝑙𝑢𝑚𝑖𝑛𝑎
2 +2𝑛𝑒𝑓𝑓
2 +
𝜋
2√3
(
𝐷𝑝−2𝑡
𝐷𝑖𝑛𝑡
)
2 𝑛𝑃𝐵𝑆
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑃𝐵𝑆
2 +2𝑛𝑒𝑓𝑓
2 + +
𝜋
2√3
[(
𝐷𝑝
𝐷𝑖𝑛𝑡
)
2
−
(
𝐷𝑝−2𝑡
𝐷𝑖𝑛𝑡
)
2
]
𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛
2 −𝑛𝑒𝑓𝑓
2
𝑛𝑝𝑟𝑜𝑡𝑒𝑖𝑛
2 +2𝑛𝑒𝑓𝑓
2 = 0       (4.10) 
From eq. 4.10 it is possible to see how neff is directly connected to the key pa-
rameters of the self-ordered NAA pores, namely pore diameter (Dp) and interpo-
re distance (Dint). In a previous section we already discussed the effect of Dint on 
the performance of NAA optical sensors and demonstrated how neff was more 
sensitive for smaller Dint. Once this has been stablished, with equation 4.10 it is 
possible to predict the response of neff for different pore diameters. 
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Figure 4.6. Calculated Δneff upon attachment of a 5 nm-thick biomolecular 
layer on the pore surface for NAA films anodized between 20 and 100 V as a 
function of pore diameter. 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter IV 
106 
 
 
Fig. 4.6 shows the effect of pore diameter after the attachment of a 5 nm-
thick protein layer on the pore surface. This effect is calculated for 5 different 
anodization conditions (20, 40, 60, 80 and 100 V) which result in interpore dis-
tances of 50, 100, 150, 200 and 250 nm. It can be observed how, regardless of 
the interpore distance used in the calculation, the highest Δneff observed corre-
sponds to the largest pore diameter. 
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Figure 4.7. Calculated Δneff upon attachment of a 5 nm-thick biomolecular 
layer on the pore surface for NAA films anodized between 20 and 100 V as a 
function of the sample’s porosity. 
 
Experimental results 
 
With the model described in the previous section, it has been demonstrated 
how the pore diameter exerts a major effect on the Δneff after biomolecule im-
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mobilization. However, this model is not perfect and do not assess experimental 
features such as steric effects. In order to see other possible effects of pore di-
ameter on the performance of NAA optical biosensors, it has been decided to 
study three different pore diameters and monitor the sequential infiltration of 
three intereacting model proteins: protein A, human IgG and anti-human IgG 
[173]. 
 
 
Figure 4.8. SEM micrographs of NAA manufactured under conventional ox-
alic acid anodization conditions with three different porosities for the optimiza-
tion of pore diameter in NAA-based RIfS biosensors. A) P = 9.1 ± 2.3 %, B) P = 
25.3 ± 3.4 % and C) P = 51.5 ± 4.3 % (scale bar = 500 nm); and D) cross-
sectional view of NAA layer depicted in A) showing a Lp = 4.6 ± 0.1 µm (scale 
bar = 3µm). Adapted from [173] 
 
Fig. 4.8 shows the SEM micrographs of the NAA samples used in this study. 
The samples were fabricated in 0.3 M H2C2O4 using the well-known two-step 
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anodization procedure already explained in chapter III. The anodization voltage 
used throughout the fabrication of the NAA films was maintained to 40 V in 
order to yield a Dint = 100 nm. This interpore distance is not the most sensitive 
depicted in figs. 4.6 and 4.7, but was chosen due to the size of the biomolecules 
used ( ≈ 10 nm each). The sum of the three proteins conjugated would result into 
a biomolecular assembly of roughly 30 nm. Thus, the range of pore diameters 
that could be studied in NAA samples manufactured at 20 V in sulfuric acid 
would be reduced to 30-40 nm in order to maintain the structural integrity of the 
layer. 
 
 
Figure 4.9. Histogram of (a) pore diameter distribution (Dp), and (b) interpo-
re distance (Dint) resulting from the image analysis of the micrographs depicted 
in fig. 4.8. Adapted from [173] 
 
Thanks to the unique self-ordering properties of NAA highly repeatable in-
terpore distances in the range of 90-105 nm can be achieved as shown in figure 
4.9. This high repeatability allows us to compare the experimental results from 
the different samples with minimal error. Moreover, the pore diameter distribu-
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tions achieved are narrow (32 ± 4 nm, 50 ± 3 nm and 73 ± 2 nm) and do not 
intersect with each other. These features ensure that our experiments will be 
focused on monodispersed pores and will not be biased by interpore diffusion of 
proteins. 
The real-time measurements were performed using an Avantes spectropho-
tometer and a halogen light source. The infiltration of the proteins inside the 
porous structure was made in a custom-made flow cell following this procedure: 
1. PBS was flowed for 30-60 min in order to acquire a baseline for the bio-
sensing experiment. 
2. Then, a 100 µg·mL-1 SpA solution was flowed until signal stabilization 
was achieved. SpA is an IgG-binding protein capable of capturing human IgG in 
a directional manner (i.e. through the cell binding (Fc) portion) that attaches to 
the pore walls due to electrostatic interactions. Therefore, this step serves as a 
biofunctionalization step for the NAA surface. 
3. A PBS wash of 30 min is then applied to the NAA biosensor. This wash 
allows us to eliminate unbound or loosely bound SpA from the pore surface. 
4. Subsequently, a human IgG solution was flowed into the cell. This step 
is the sensing step. In this study, we used two different concentrations in order 
to assess the effect of the pore diameter on the sensitivity of NAA optical bio-
sensors: 
a. 10 µg·mL-1 
b. 100 µg·mL-1 
5. Then PBS was flushed for 30 min to wash away the unbound and loosely 
bound human IgG from the porous structure. 
6. Afterwards, a fixed concentration of 100 µg·mL-1 anti-human IgG was 
flowed. This step serves as an amplification step. This anti-human IgG antibody 
is able to attach onto the two main aminoacids chains of human IgG: the heavy 
and the light chain. Since each human IgG molecule has 2 heavy and 2 light 
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chains, each human IgG molecule provides enough binding sites for 4 anti-
human IgG antibodies. This allows us to amplify the resulting signal from step 
4. 
7. Finally, PBS was flowed again for 30 min to remove the unbound and 
loosely bound anti-human IgG. 
Fig. 4.10 shows the resulting real-time curves for the described experiment. 
From the real-time measurements, it is possible to observe how during each pro-
tein dosing step the ΔEOT increases following a negative exponential trend. 
This feature is in good agreement with the kinetics explained in chapter II. Also, 
a slight decrease in the ΔEOT is observed during the PBS washing steps. This 
could be attributed to either removal of unbound or loosely bound molecules, or 
unbinding of the target molecule as due to the dissociation process resulting 
from the lower concentration of target analyte inside the pores (see chapter II, 
section 2.3.2.). In all the experiments, it is possible to observe how, in all cases, 
each protein infiltration step results in a further increase of the ΔEOT, showing 
curves with a characteristic stair-like shape. However, there are some differ-
ences between the samples. If we compare the same protein dosing step with 
different pore diameter, it can be observed how larger diameters lead to higher 
ΔEOT. And, if we compare samples with the same pore diameter, in all cases, 
SpA dosing leads to a similar ΔEOT between the two sample experiments, but 
this does not happen with the other two steps except for samples with Dp = 32 
nm. With the other two diameters, the different concentrations of human IgG 
lead to two different ΔEOT, being this bigger for the larger concentration of 
human IgG. This effect is maintained during the amplification step with anti-
human IgG. 
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Figure 4.10. Real-time ΔEOT of protein dosing to NAA monolayers; a) and 
b) are pores of 32 nm, c) and d) pores of 50 nm, and e) and f) are pores of 73 
nm. The left column (a), and c) and e)) shows the ΔEOT for 10 µg·mL-1 of hu-
man IgG and the right column (b), d) and f)) shows the ΔEOT for 100 µg·mL-1 
of human IgG. 
Fig. 4.11 resumes the results from fig. 4.10. We have classified the results in 
three curves designated as “steps” in fig. 4.11. Step I corresponds to the electro-
static attachment of SpA to the pore surface. Step II corresponds to human IgG 
capture by the SpA-functionalized pores. And step III corresponds to the ampli-
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fication step with anti-human IgG. It can be observed how bigger pore diameters 
result in higher ΔEOT in all steps. It can also be observed how the amplification 
step effectively enhances the sensitivity of the system by a factor of 1.5-2. Re-
garding the sensitivity of the system, it can be observed how the difference in 
ΔEOT also increases with the pore diameter. It is interesting the fact that in 
pores with Dp = 32 nm there is no difference between the two distinct concentra-
tions of human IgG but still the ΔEOT increases in step III. This feature contra-
dicts the expected behavior of an affinity based biochemical reaction (see chap-
ter II, section 2.3). Since the ΔEOT increased after dosing with anti-human IgG, 
we assume that human IgG is not denaturalized or damaged in the previous pro-
cess. Therefore, we assume that the narrow pore diameter plays a major role on 
the biosensing kinetics but further investigation must be performed before elab-
orating any theory. 
 
Figure 4.11. Resulting ΔEOT after each immobilization step for each Dp. 
Black squares represent SpA dosing, red circles represent human IgG dosing 
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and green triangles represent anti-human IgG dosing. Solid scatter represents for 
100 µg·mL
-1
 and void for 10 µg·mL
-1
 of human IgG. Adapted from [173] 
 
4.3.2. EFFECT OF FILM THICKNESS 
 
The thickness of the NAA film (L) also has a direct effect on the EOT of the 
film as seen by eq. 4.1. In the wavelength spectrum, longer pore lengths result in 
a larger amount of oscillations which is crucial to perform the FFT. L also in-
creases the EOT and allows to work further from the resonance at 0 nm of the 
FFT due to the mean shape of the spectral interferogram. However, these are 
just conclusions extracted from eq. 1. There are more effects of L with respect to 
the biosensing signal. 
With the results from the previous section about pore diameter and eq. 4.1, it 
is clear that, maintaining the same Dp and Dint, thicker NAA layers would yield 
larger ΔEOT if this is measured in nm. This could be exploited when our peak 
detection algorithm is unable to detect slight changes in the position of the FFT 
peak. However, as seen in fig. 4.12, if the ΔEOT is expressed in percentage (%), 
the effect of Lp does not enhance ΔEOT. In fact, our calculations show how as 
the samples thickness increases, the effect of porosity towards de ΔEOT de-
creases. Nevertheless, fig. 4.12 confirms that the two key parameters for the 
optimization of NAA-based optical biosensors on the basis of ΔEOT are the Dint 
and Dp. 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter IV 
114 
 
0 200000 400000 600000 800000 1000000 1200000
0
1
2
3
4
5
6
7
8
9
10
2 m 4 m 6 m 12 m 14 m10 m
 
 
 20 V  40 V  60 V  80 V  100 V

E
O
T
 (
%
)
L
p
P (nm·%)
8 m
 
Figure 4.12. Comparative graph of the calculated ΔEOT (%) for samples an-
odized at 20, 40, 60, 80 and 100 V yielding interpore distances (Dint) of 50, 100, 
150, 200 and 250 nm respectively.. For each sample type, different layer thick-
nesses (Lp) and pore diameters (Dp) have been considered. For ease of compari-
son, the structural parameters Dint, Dp and Lp have been synthesized in a single 
parameter (Lp·P) which concentrates all the information from the NAA sample 
by multiplying the pore length by the material’s porosity. 
 
Up to this point we have demonstrated how Lp does not affect the ΔEOT. 
However, Lp can still affect the performance of NAA optical biosensors by alter-
ing their kinetic behaviors. Essentially, pores can be modelled as a pipe. There-
fore, any fluid flowing through the pores should be subjected to losses in their 
flow due to the friction with the pore walls. This can be calculated with the Dar-
cy-Weisbach equation: 
ℎ𝑓 = 𝑓
𝐿𝑝𝑉
2
2𝐷𝑝𝑔
        (4.11) 
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Where hf is the loss due to the friction with the pore walls, f is the friction co-
efficient with the pore walls, Lp is the thickness of the layer, V is the speed of 
the fluid, Dp is the pore diameter and g is gravity.  
From eq. 4.11, it is possible to see that there is a direct relationship between 
the hydraulic losses in the pores and the thickness of the NAA sample. There-
fore, layer thickness should influence the response speed of the optical biosen-
sor, being longer for thicker samples. Recently, this has been confirmed experi-
mentally by means of optical waveguide spectroscopy (OWS) [174]. 
 
4.3.3. SAMPLE COATING 
 
Up to this point, we have determined the best geometry of nanoporous anodic 
alumina for optical biosensing. This structure must include wide nanopores with 
a small distance between them and with the thinnest depth possible for the ana-
lyte of interest. However, this kind of structure has a major inconvenience: large 
pores result in poor oscillation intensity [172]. 
From the practical point of view, the oscillation intensity is crucial. Larger 
oscillation intensities result in better distinction of the interference pattern and 
allow appropriate application of biosensing signal detection algorithms such as 
the FFT algorithm. In fact, as-produced NAA films themselves show insuffi-
cient interferometric intensity for RIfS, resembling noise to the newbie in NAA-
based biosensing. This issue could be overcome by correcting the signal with 
0/100% reflection references from calibrated master samples. Nevertheless, for 
high porosity samples this correction may be insufficient. In order to elucidate a 
possible solution, it is necessary to understand the factors related with the oscil-
lation intensity. Eq. 4.12 shows the theoretical model of a Fabry-Pérot cavity. 
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𝑅(𝜆) = (𝜌𝑎
2 + 𝜌𝑏
2) + 2𝜌𝑎𝜌𝑏COS (2𝛿(𝜆))     (4.12) 
Where R is the reflectance at wavelength λ, ρa and ρb are the Fresnel coeffi-
cients at interface a (i.e. NAA-medium interface, see fig. 4.1) and b (i.e. NAA-
Al interface, see fig. 4.1) respectively, and δ is the phase shift at wavelength λ. 
This phase shift is dependent on the EOT of the NAA film and is governed by 
the following relationship: 
𝛿(𝜆) =
2𝜋𝑛𝑒𝑓𝑓𝐿
𝜆
=
𝜋
𝜆
𝐸𝑂𝑇       (4.13) 
Where neff is the refractive index of the NAA layer, λ is the wavelength and 
L is the thickness of the NAA layer. 
As it can be deduced from eq. 4.12, the Fresnel coefficients play a major role 
in both the amplitude of the oscillation and the overall shape of the reflectivity 
spectrum. These coefficients can be expressed as follows: 
𝜌𝑎 =
𝑛𝑚𝑒𝑑−𝑛𝑒𝑓𝑓
𝑛𝑚𝑒𝑑+𝑛𝑒𝑓𝑓
        (4.14) 
𝜌𝑏 =
𝑛𝑒𝑓𝑓−𝑛𝐴𝑙
𝑛𝑒𝑓𝑓+𝑛𝐴𝑙
        (4.15) 
Where nmed is the refractive index of the media filling the pores (typically air, 
nair = 1, or PBS, nPBS ≈ 1.33), neff is the effective refractive index of the NAA 
thin film, and nAl is the refractive index of the remaining bulk aluminum. Since 
the experimental refractive index of NAA ranges between 1.6 and 1.1 (see fig. 
3.24), the resulting oscillation amplitude is specially small for high porosity 
samples where the refractive index contrast (Δn(a)) at interface a is reduced to a 
mere Δn(a) = 0.1. 
A possible solution would be to add another extremely thin layer (10-30 nm) 
on top of the NAA structure in order to increase Δn(a) without introducing a sec-
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ondary interferometric pattern. By doing so, we are able to substitute the nmed in 
eq. 4.14 by the refractive index of the coating (ncoating). Among the available 
materials, metals such as gold are one of the best options. Despite their apparent 
small refractive index (real component of the refractive index), they exhibit high 
reflectivity with very thin layers of just a few nanometers due to their large im-
aginary component. Gold is an especially interesting material since it can be 
easily deposited through either evaporation or sputtering techniques and has a 
well-known surface chemistry which enables functionalization of the gold layer 
using thiolated compounds [175]. 
In order to study the effect of a gold overlayer on top of the NAA thin films, 
four samples using the two-step anodization procedure in 0.3 M oxalic acid so-
lution at 40 V and 5 ºC to obtain a thickness of 1.62 µm were prepared. Then, 
the pores were widened in 5 % wt. H3PO4 for times of tpw1 = 0 min, tpw2 = 6 
min, tpw3 = 12 min and tpw4 = 18 min yielding porosities of 14.3 %, 23.1 %, 44.6 
% and 71.2 % respectively. The reflectance spectrum of these samples was ac-
quired without gold, with 10 nm and with 20 nm of gold to see the effect of this 
layer on the interferogram. Fig. 4.13 resumes the results. 
From these experiments we were able to see how even just 10 nm of gold 
were sufficient to dramatically increase the intensity of the Fabry-Pérot oscilla-
tions in all the studied porosities. This is in good agreement with equations 4.12 
and 4.14. Further increase of the gold layer results in a lower maximum reflec-
tion in the UV-Vis region due to the strong absorption of gold in the visible re-
gion [177]. In the NIR region, two distinct behaviors: 
 For smaller porosities (i.e. 14.3 and 23.1 %) increasing the thickness of 
the gold layer to 20 nm reduces the amplitude of the Fabry-Pérot oscillations 
and results in asymmetric fringes. 
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Figure 4.13. Reflectance spectra of samples with different tpw before and af-
ter sputtering 10 and 20 nm of gold. Solid black lines represents the NAA sam-
ples without gold, dashed blue lines represent the resulting reflectance spectra 
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after sputtering 10 nm of gold and dotted red lines represent the resulting reflec-
tance spectra after sputtering 20 nm of gold. The graphs on the left show the 
reflectance spectrum in the UV-Vis region while the graphs on the right repre-
sent the NIR region of the spectrum. (a,b) P = 14.3 %, (c,d) P = 23.1 %, (e,f) P = 
44.6 % and (g,h) P = 71.2 %. Adapted from [176] 
 For higher porosities (i.e. 44.6 and 71.2 %) increasing the thickness of 
the gold layer to 20 nm increases the amplitude of the Fabry-Pérot oscillations 
without resulting in such asymmetric fringes. 
In order to explain all the different behaviors resulting from gold sputtering 
on top of NAA samples, we developed the model depicted in fig. 4.14 in which 
we took into account the thickness and porosity of the gold layer and the possi-
bility of gold entering inside the pores. 
The least squares fit of the model was able to predict the asymmetry of the 
NIR fringes by adjusting the thickness of the gold layer and its porosity. Be-
sides, the reduction in the maximum reflection in the UV-Vis could be explained 
by the small fraction of gold deposited inside the pores during the sputtering 
process. However, the experimental data still show a higher reduction in the 
maximum reflection. This could be attributed to other sources of loss not taken 
into account in our model such as scattering or plasmonic effects.  Table 4.1 
resumes the results. 
The amount of gold deposited inside the pores that was calculated using our 
model corresponds to 0.1 % for as produced samples while it increases to 1.2 % 
in samples with pores widened for tpw = 18 min. This is in good agreement with 
the porosity of the samples, since larger pores allow better penetration of gold 
inside the porous structure. Similarly, the gold porosity was 55.3 and 59.5 % for 
samples with tpw = 0 min and tpw = 18 min respectively. This is also consistent 
with the porosity of the NAA samples. 
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Figure 4.14. Model for gold-coated NAA samples and comparison of the 
measured and the best least-squares fitting simulated reflectance spectra. (a) 
Schematic drawing of the proposed theoretical model for gold-coated NAA 
samples. Red lines represent experimentally measured reflectance spectra. Black 
lines represent best least-square fit corresponding to simulation. Plots on the left 
correspond to the UV-Vis spectral region, while plots on the right correspond to 
a) 
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the NIR spectral region. (b, c) tpw = 0 min and (d, e) tpw = 18 min. adapted from 
[176] 
Table 4.1. Results from the optical characterization of the samples with tpw = 
0 min and tpw = 18 min after the deposition of 20 nm of gold. Adapted from 
[176] 
tpw (min) 
NAA porosi-
ty, P1(%) 
Fraction of 
gold, fAu(%) 
NAA thick-
ness, d1(nm) 
Gold porosi-
ty, P2(%) 
Gold thick-
ness, d2(nm) 
0 6.8 0.1 1580 55.3 30 
18 69.3 1.2 1580 59.5 25 
 
Thanks to this data, we have assessed the effect of coating with a thin layer of 
gold on top of NAA samples and demonstrated its ability to overcome the reduc-
tion of fringe intensity due to the small refractive index contrast at the NAA/air 
interface. 
 
4.4.SUMMARY 
 
All the work presented in this chapter has resulted in better knowledge of the 
effect of the key structural parameters of NAA on the optical detection of ana-
lytes. 
We have demonstrated how smaller interpore distances lead to much more 
refractive index-sensitive films due to the higher pore density. However, this 
feature greatly limits the possible application as it results in a smaller range of 
pores. Therefore, interpore distance should be carefully chosen in order to en-
sure sufficient volume for the target analyte. 
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Porosity is also a crucial parameter since larger pores lead to higher ΔEOT. 
We have demonstrated this issue both theoretically and experimentally. Howev-
er, higher porosities also result in poor oscillation intensity which could almost 
result indistinguishable from the overall shape of the reflectance spectrum. 
Therefore, porosity should be aimed to be the highest value possible which still 
is able to be discerned in the reflectance spectrum. 
Film thickness is also important. Depending on its thickness, different RIfS 
signal detection algorithms may be applied being direct fringe monitorization 
most suitable for the thinnest films (<1 µm) and FFT for the thickest samples 
(>2 µm). Also, thicker samples are less sensitive to porosity when measuring 
ΔEOT, but still the highest porosity samples show the greatest shifts. Apart from 
that, pore length has been experimentally and theoretically related with longer 
biosensing signal stabilization times due to flow resistance. 
Finally, deposition of a thin metal layer of around 20 nm (such as the gold 
coating we described in the previous section) can enhance the oscillation ampli-
tude of the Fabry-Pérot interference. This allows to work with sample porosities 
that otherwise would not be appropriate for interferometric biosensing. 
Therefore, with all stated in this chapter, we can conclude that the most ap-
propriate structure for interferometric biosensing using NAA consist of samples 
with: 
  Dint: an interpore distance of 50 or 100 nm (i.e. anodized at 20 or 40 V) 
depending on the target analyte. For small molecules such as biotin and glucose, 
samples anodized at 20 V would give better results. However, for protein detec-
tion 40 V would probably give better ΔEOT as most proteins have a diameter 
between 5-15 nm and pores resulting from anodization at 20 V would probably 
hinder the diffusion of these biomolecules. 
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 P%: porosity of 70-80 % in order to have the largest pore possible but 
still retaining its structural integrity. 
 Lp: a film thickness as thin as possible since this would allow a faster 
stabilization of the biosensing signal, but still retaining enough oscillations for 
applying a FFT algorithm (2-5 µm). 
 Coating: a sputtered or evaporated metal coating of around 20 nm when 
the application allows it. Gold coating is a good option since there exists plenty 
of literature about selective gold functionalization through thiol chemistry and 
would allow the development of complex samples with dual functionality. 
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5.1. OPERATING PRINCIPLE OF RIFS  IN DOUBLE LAYER INTERFER-
OMETERS 
 
The main inconvenient of using monolayers in RIfS biosensing is that to 
track environmental noise, such as temperature fluctuations or solvent composi-
tion, it is necessary to use a secondary RIfS sensor working under the same con-
ditions and at the same time throughout the experiment to be used as a reference 
channel. This typically requires setup duplication, engrossing the overall device 
size. Recently, it has been shown how, with adequate data processing, two con-
secutive layers of porous material with distinct structure can work as working 
and reference channels. 
 
5.1.1. THEORY 
 
Structure 
 
Double layer interferometers consist of two consecutive layers, L1 and L2, 
with their respective refractive indexes n1 and n2, resulting in a device with a 
total thickness of L3. As depicted in fig 5.1, this structure gives rise to three dis-
tinct interfaces, namely a, b and c, where light reflection will occur. As a result, 
three different light beams appear with different phase shifts, being θ1 for the 
light reflected at interface b, and θ2 (with respect to the reflection at interface b) 
or θ3 (with respect to the reflection at interface a) for light reflected at interface 
c. 
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Figure 5.1. SEM of a NAA double layer consisting. Blue arrows represent 
light reflection at interface a, red arrows represent the reflection at interface b 
and green arrows represent the reflection at interface c. 
 
Spectrum 
 
As explained in chapter IV, when thin films are exposed to white light illu-
mination, it results in a reflectance spectrum consisting of a series of sinus-like 
oscillations (see grey and dotted lines in fig. 5.2). However, double layers work 
slightly different. Since there are two layers, two sinus-like oscillatory patterns 
arise from the optical structure. The outcome is a complex interferogram (see 
black line in fig. 5.2) resulting from the sum of the oscillations of the two layers 
present in the structure. 
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Figure 5.2. Reflectance spectra of two single nanoporous alumina layers and 
a nanoporous anodic alumina bilayer. Layer 1 and Layer 2 corresponds to a 1.9-
µm-thick NAA sample of 41 % porosity and a 4.7-µm-thick NAA sample of 9 
% porosity respectively. The NAAB corresponds to a bilayer with layer 1 on top 
of layer 2. Adapted from [178]. 
 
The complex reflectance spectrum of double layers can be explained by the 
following equation [179]: 
𝑅(𝜆) = (𝜌𝑎
2 + 𝜌𝑏
2 + 𝜌𝑐
2) + 2𝜌𝑎𝜌𝑏 cos(2𝛿1 (𝜆)) + 2𝜌𝑏𝜌𝑐 cos(2𝛿2 (𝜆)) +
2𝜌𝑎𝜌𝑐cos [2(𝛿1 (𝜆) + 𝛿2 (𝜆))]       (5.1) 
Where δi represents the phase relationship of layer i: 
𝛿𝑖(𝜆) = 
2𝜋𝑛𝑖𝐿𝑖
𝜆
        (5.2) 
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Where ni represents the refractive index of layer i with thickness Li. Terms 
ρa, ρb, and ρc indicate the index contrast at the interfaces (see fig. 5.1): 
𝜌𝑎 =
𝑛𝑚𝑒𝑑−𝑛1
𝑛𝑚𝑒𝑑+𝑛1
;  𝜌𝑏 =
𝑛1−𝑛2
𝑛1+𝑛2
;  𝜌𝑐 =
𝑛2−𝑛𝐴𝑙
𝑛2+𝑛𝐴𝑙
     (5.3) 
Where nmed, n1, n2, and nsubs refer to the refractive index of the surrounding 
medium, layer 1, layer 2 and the substrate respectively. 
As it can be observed from eq. 5.1, the mathematical expression of the inter-
ference pattern arising from double layer interferometers is much more complex 
than that of monolayers (see chapter IV, eq.4.12). The resulting interferometric 
oscillations of double layers consists of the sum of three cosine functions which 
can be related to the oscillatory pattern of L1, L2 and the oscillatory pattern of 
the combination of both layers which for practical use we have named as L3 (see 
fig. 5.1). 
 
5.1.2. BIOSENSING SIGNAL 
 
Given the complexity of the oscillatory reflectance spectrum of double layer 
interferometers, direct fringe monitorization and mode vs. position algorithms 
should be avoided to obtain the biosensing signal. While they would certainly 
work to see if the biochemical interaction takes place, and therefore, would 
work for biosensing in double layers, they are unable to perform self-correction 
for environmental fluctuations. This is due to the fact that these two methods are 
unable to distinguish the signal of the working channel from that of the refer-
ence. However, the FFT algorithm is able to distinguish between the different 
layers and provides the necessary information for self-correction. 
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FFT algorithm 
 
As explained in the previous chapter, performing a FFT on a reflectance 
spectrum of oscillatory nature can convert the multiple oscillations into a single 
peak whose position is the EOT of the layer and its amplitude is related with the 
refractive indexes at the two interfaces of the layer. Comparing the mathemati-
cal expressions of both monolayers (see chapter IV, eq. 4.12) and bilayers (eq. 
5.1) it is possible to elucidate the number of peaks that will result from the FFT 
of the reflectance spectrum. Therefore, double layers would result in three FFT 
peaks as its mathematical expression is composed of three cosine functions: one 
for the working channel (L1), one for the reference channel (L2) and one for the 
combination of both (L3) [179]. 
 
 
Figure 5.3. a) reflectivity spectrum of a pSi double layer interferometer 
without correction for instrumental spectral response, b) corresponding Fourier 
transform of the pSi bilayer. The inset in b) shows schematically the relationship 
between the FFT peaks and the porous layers of the structure. Adapted from 
[59]. 
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Also, these FFT peaks will show different intensities depending on the refrac-
tive index contrast at both interfaces of the layer giving rise to the FFT peak in 
question. These intensities can be represented by the following mathematical 
expression: 
𝐴1 = 𝑘𝜌𝑎𝜌𝑏;  𝐴2 = 𝑘𝜌𝑏𝜌𝑐;  𝐴3 = 𝑘𝜌𝑎𝜌𝑐     (5.4) 
Where Ai is the intensity of the FFT peak i, ρi is the Fresnel coefficient at in-
terface i calculated as described in eq. 5.3, and k is a proportionality constant 
accounting for the experimental conditions. 
 
Detection strategies for porous double layers 
 
Thanks to the FFT algorithm, it is possible to extract information from the 
working and reference channel of the biosensor. Moreover, the FFT of the re-
flectance spectrum gives us information about both the EOT of the layers and 
also about the refractive index at the interfaces of both layers thanks to the in-
formation encoded by the intensity of the FFT peak. Both sets of data may be 
used to track biochemical interaction effects. 
 
Detection of analytes through EOT measurements 
 
The incorporation of the analyte on the top (working) layer L1 can be per-
formed by computing the difference between the EOT of the top layer and that 
of the bottom layer (i.e. reference layer) L2.  
∆𝐸𝑂𝑇1−2 = 𝐸𝑂𝑇1 − 𝐸𝑂𝑇2      (5.5) 
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Similarly, the third peak present in the FFT that accounts for the effects of 
the two layers (i.e. the sum of the EOT of the working and reference layers) can 
be used to acquire the biosensing signal. 
∆𝐸𝑂𝑇3−2 = 𝐸𝑂𝑇3 − 𝐸𝑂𝑇2      (5.6) 
However, since normally these two layers have different porosities and 
thicknesses a correction constant γ is introduced to account for such issues 
[179]. Therefore, eq. 5.5 and 5.6 should be replaced by: 
∆𝐸𝑂𝑇1−2 = 𝐸𝑂𝑇1 − 𝛾𝐸𝑂𝑇2      (5.7) 
and 
∆𝐸𝑂𝑇3−2 = 𝐸𝑂𝑇3 − 𝛾𝐸𝑂𝑇2      (5.8) 
This correction factor assumes that the refractive index of each layer is pro-
portional to its fractional composition. Then, γ indicates the relationship be-
tween the optical responses of one of the layers with respect to the other. It can 
be determined experimentally as follows: 
𝛾 =
𝐸𝑂𝑇1(𝑎𝑖𝑟)−𝐸𝑂𝑇1(𝑏𝑢𝑓𝑓𝑒𝑟)
𝐸𝑂𝑇2(𝑎𝑖𝑟)−𝐸𝑂𝑇2(𝑏𝑢𝑓𝑓𝑒𝑟)
       (5.9) 
For eq. 5.7 and 
𝛾 =
𝐸𝑂𝑇3(𝑎𝑖𝑟)−𝐸𝑂𝑇3(𝑏𝑢𝑓𝑓𝑒𝑟)
𝐸𝑂𝑇2(𝑎𝑖𝑟)−𝐸𝑂𝑇2(𝑏𝑢𝑓𝑓𝑒𝑟)
       (5.10) 
For eq. 5.8. Where EOTi(air) is the EOT of the layer i in air and EOTi(buffer) is 
the EOT of the layer i in the buffer solution used for the biochemical interaction.  
With this data processing and a well-designed double layer interferometer it 
is possible to achieve discrimination of proteins from small molecules typically 
present in biological fluids such as glucose.  
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Detection of analytes through FFT’s peak intensity 
 
When the analyte enters the working layer, this layer experiences a change on 
its refractive index. This change, in turn, results in an altered refractive index 
contrast at the interfaces of the layer. According to eq. 5.3 and 5.4, this change 
in refractive index can be monitored by measuring the intensity of the FFT peak. 
Since the capture of the analyte at layer L1 results in a change in its refractive 
index n1, this binding will result also in a shift in the peak intensity of layer L2 
(see eq. 5.3 and 5.4). This is due to the fact that both layers share a common 
interface. In order to correct this signal with the data present in the reference 
layer, it is necessary to perform the following calculation [179]: 
𝐴1
𝐴1
=
𝑘𝜌𝑎𝜌𝑏
𝑘𝜌𝑏𝜌𝑐
=
𝜌𝑎
𝜌𝑐
        (5.11) 
Eq. 5.11 eliminates the effect of small molecules and solvent allowing a se-
lective response to the analyte. This equation assumes that the FFT peak corre-
sponding to layer L1 is visible. If this is not the case, the response can be isolat-
ed from the peak intensity of layer L3. 
 
5.2. SELF-REFERENCING IN DOUBLE LAYER INTERFEROMETERS 
 
5.2.1. DUAL FUNCTIONALIZATION 
 
One possible way to be able to self-reference the layers is by applying a se-
lective functionalization approach. This approach consists in applying different 
functional groups on each layer so that the biological receptor is located in just 
one of them (i.e. the working channel). The reference channel may be left as 
produced or functionalized to avoid biofouling. 
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Figure 5.4. Fabrication scheme of NAA layered with 3 different silanes to 
display multiple surface functionalities. Adapted from [180] 
 
This option is a good for NAA since it has been demonstrated that the ano-
dization conditions do not destroy the silanization of the pore surface [180]. This 
allows the fabrication of NAA films with multiple layer functionalities by apply-
ing subsequent anodization/silanization cycles as depicted in fig. 5.4. 
 
5.2.2. SIZE EXCLUSION 
 
Another possibility for the self-referencing of porous double layer interfer-
ometers is by accurately designing the pore diameters of the working and refer-
ence films. This can be performed if the size of the target analyte is known. If 
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that is the case, the bottom layer can be designed with pores small enough to 
prohibit the entrance of the analyte while still allowing the entrance of solvent 
molecules [179]. 
This approach is particularly interesting when the target analyte is a protein. 
Most proteins have a size in the 5-20 nm range. With electrochemically etched 
pSi and also with NAA it is possible to perform double layers capable of size-
selective exclusion by accurately tuning the etching conditions []. This size ex-
clusion allows the elimination of the effect of variations in solvent composition 
which may induce false results during the monitorization of the biochemical 
reaction. This is of great interest for point-of-care devices as biological fluid 
samples, such as blood, may have enormous differences in solvent composition 
from patient to patient. The size exclusion double layer would be capable of 
reducing the error rate of these devices by tracking the effect of small mole-
cules, such as glucose or sucrose (as explained in section 5.1.2), and correcting 
their effect in the measurement. 
 
5.3. DESIGN OF NANOPOROUS ANODIC ALUMINA DOUBLE LAYERS 
 
In order to be able to develop double layer interferometers for biosensing ap-
plications based on NAA, it is necessary to optimize the structure. In this sec-
tion, we are going to discuss the parameters involved in the design of nanopo-
rous anodic alumina bilayers (NAAB) to obtain devices as the one depicted in 
fig. 5.5. 
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Figure 5.5 Scanning electron microscope (SEM) micrographs of a) cross-
sectional view of the NAAB. The inset shows a magnification of the interface 
between the two layers displaying a funnel structure b) top view of the NAAB. 
Top layer consists in a self-ordered hexagonal array of pores with a diameter of 
68 nm and a thickness of 1.9 µm, while bottom layer present a diameter of 33 
nm and a thickness of 4.7 µm. c) schematic representation of the nanoporous 
anodic alumina bilayer. The interfaces a, b and c represent the zone where the 
reflections occur resulting in 3 interfering light beams. Adapted from [178]. 
 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter V 
138 
 
5.3.1. FABRICATION PROCEDURE 
 
Given the two strategies previously discussed for the self-referencing of dou-
ble layer interferometers, we think that size exclusion is more interesting. The 
reason for this special interest is the high sensitivity of nanoporous materials to 
the refractive index of the filling medium. Therefore, being able to correct for 
drifts related with solvent composition is of great interest. 
To do so, NAA must be performed in a three-step anodization fashion [179]: 
1. 1st step anodization: during this step, we anodize the Al foils for 20 h at 
5 ºC at the desired potential and electrolyte (typically 40 V and 0.3M H2C2O4). 
After the anodization, the resulting NAA layer is selectively dissolved and the 
remaining Al presents an ordered array of concavities which serve as pore nu-
cleating sites for subsequent anodizations. 
2. 2nd step anodization: in this step we grow the first layer of the NAA 
double layer interferometer which will serve as the working channel. This ano-
dization is conducted under the same conditions as the 1
st
 step to ensure self-
ordering of pores. Once the NAA layer has reached the desired thickness, we 
adjust the pore diameter in 5 % wt. H3PO4 in order to obtain pores large enough 
to accommodate the biomolecule of interest. 
3. 3rd step anodization: this is the final anodization step. In this step we 
grow the second layer of the double layer interferometer which will serve as the 
reference channel. This anodization is performed under the same conditions as 
the 1
st
 and 2
nd
 anodization steps in order to ensure a funnel-like architecture. 
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5.3.2. LAYER CHARACTERISTICS 
 
Above we have described the protocol for the fabrication of double layer op-
tical interferometers based on NAA. In this section we are going to discuss the 
desired characteristics of the working and reference layers of the NAAB. 
 
Top (sensing) layer  
 
This layer serves as the working channel of the double layer interferometer. 
Since our design is based on size exclusion, this layer must be placed on top of 
the structure and in direct contact with the analyte solution to ensure adequate 
infiltration of the target biomolecules.  
 
Pore diameter 
 
Given the size exclusion design, this layer requires a higher porosity than the 
reference layer. However, from the results presented in chapter IV, its sensitivity 
is directly related with the porosity. Therefore, for maximum sensitivity it is 
necessary to widen the pores close to its mechanic stability limit. For NAA fab-
ricated in 0.3M H2C2O4 at 40 V and 5 ºC this is achieved with pore widening by 
wet chemical etching in 5 % wt. H3PO4 for 15-20 min. 
Layer thickness 
 
Since the only available method for the characterization of NAAB is the FFT 
algorithm, the layer thickness must be kept within a range where it is discernible 
from the frequency depicted at 0 nm (signal coming from the mean reflectance 
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shape). But also, it must be taken into account that thick layers result in longer 
stabilization times. For these reasons, our NAAB have been designed with 2 
µm-thick layers. 
 
Bottom (reference) layer 
 
This layer serves as a reference for the correction of the signal of the working 
layer. Due to the size exclusion principle of action this layer is placed right be-
neath of the working layer. 
 
Pore diameter 
 
The pore diameter of this layer must be adjusted so as to permit the entrance 
of the solvent and the small molecules that may be encountered inside (such as 
glucose) while avoiding the entrance of the target analyte. Since mostof the ana-
lytes of interest for biosensor development are proteins, this would mean that, 
ideally, pores should be below 10 nm in diameter. However, to obtain pores 
with NAA is rather challenging.  
Samples fabricated in 0.3M H2SO4 at 20 V and 5 ºC present the smallest self-
ordered pores and their mean diameter is around 15 nm. This might be an issue 
for the development of NAAB biosensors. Nevertheless, it has been demonstrat-
ed that protein transport can be inhibited with pores much larger than twice their 
hydrodynamic radius. This fact allows us to perform working NAAB biosensors 
with the available pores in NAA fabricated under MA conditions.  
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Layer thickness 
 
While for the working layer the film thickness had to be limited in order to 
avoid long stabilization times in the biosensing signal due to hindered diffusion 
of the proteins, this is not a limitation for the reference layer. The reason for this 
is that proteins are going to be already inhibited in this layer and only the sol-
vent should enter inside the pores. Therefore, the limitation here is only related 
with the resolution in the frequency spectrum after the data processing using the 
FFT algorithm.  
It must be noted that the peaks resulting from the FFT processing of the re-
flectance data are quite wide. This may result in peak overlapping if the ratio 
(L1/L2) between the working (L1) and the reference (L2) layers is not appropri-
ately designed. In turn, this overlapping might interfere with the automatic peak 
detection algorithm resulting in an erratic biosensing signal. 
In order to determine experimentally the best L1/L2 ratio for NAAB biosen-
sors four NAAB with different L1/L2 ratios were fabricated, measured and a FFT 
was applied to the resulting reflectance spectra. The FFT plots can be observed 
in fig. 5.6a. Unlike the FFT plots of pSi double layers presented in fig. 5.3b 
which show three distinct peaks, NAAB just present two peaks. These peaks 
correspond to layers L2 (reference) and L3 (reference + working). The reason for 
the lack of the peak for layer L1 is the low reflectivity of L1. This results in a 
FFT intensity of the order of the FFT noisemaking impossible to discern L1’s 
peak. One possible way to overcome this issue and be able to discern L1’s peak 
in the FFT is by depositing a thin metal layer on top of the structure. This 
changes dramatically the Δn at the top interface and allows us to see the three 
peaks in all the studied NAABs (see fig.5.6b). From fig. 5.6a and 5.6b it is pos-
sible to see that the L1/L2 ratio must be maintained between 0.5 and 0.75 to 
avoid peak overlapping. Moreover, in fig. 5.6b it can be observed why layers 
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below 2 µm must be avoided, as L1 peak of sample S1 overlaps with the fre-
quency at 0. The structural characteristics of samples S1-4 are presented in table 
5.1. 
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Figure 5.6. FFT plots of NAAB with different L1/L2 ratios for a) as pro-
duced NAAB, and b) NAAB after sputtering 10 nm of gold.  
 
Table 5.1. Sample characteristics of the NAAB depicted in fig.5.8. 
Sample 
name 
L1/L2 Electrolyte Van(V) L1(µm) tpw1(min) L2(µm) tpw2(min) 
S1 0.25 
0.3 M 
H2C2O4 
40 
1 
20 4 0 
S2 0.5 2 
S3 0.75 3 
S4 1 4 
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Metal coating 
 
As seen in fig. 5.6a, the reflectivity of as-produced NAABs is not sufficiently 
high to show the three distinct peaks expected in the frequency plot after per-
forming a FFT on the acquired reflectance spectra. By depositing a thin metal of 
gold, this reflectivity could be enhanced (see fig.5.6b). In this section, the effect 
of this gold sputtering will be discussed. 
In the previous sections, pore diameters and layer thicknesses of both the 
working and the reference layers have been optimized for biosensing. In order to 
analyze the effect of gold sputtering on top of the structure a NAAB with the 
optimized parameters was fabricated and measured, at the very same spot, be-
fore and after depositing 10 nm of gold. The fabrication conditions and the 
structural characteristics are described in table 5.2.  
 
Table 5.2. Fabrication conditions and structural characteristics of as pro-
duced NAAB. 
Step Electrolyte Van(V) tan(h) tpw(min) Dp(nm) Dint (nm) Lp(µm) 
1 
0.3 M 
H2C2O4 
40 
20 N.A. N.A. N.A. N.A. 
2 0.5 15 68±2 106±3 ≈ 1.9 
3 1 0 33±3 105±7 ≈ 4.7 
*N.A.: Not applicable 
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Figure 5.7. Comparison between the FFT plots of a NAAB and Au-NAAB 
with the same layer thicknesses. The deposition of the metal coating results in 
an enhancement of the FFT intensity of layer 3 peak and the appearance of the 
peak 1. Adapted from [178]. 
 
Fig. 5.7 shows a comparison between the as-produced NAAB and the NAAB 
after sputtering 10 nm of gold (Au-NAAB). For the NAAB (fig. 5.7a), the EOT 
measured for layer 2 and layer 3 are 11700 nm and 16700 nm, and exhibit peak 
intensities of 85 and 15 respectively. From the EOT data of the NAAB, it is pos-
sible to estimate that the EOT of layer 1 should be around 5000 nm. After the 
deposition of 10 nm of gold (fig. 5.7b), a dramatic enhancement of the FFT in-
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tensity is observed for layer 3 and the peak from layer 1 becomes visible. In this 
case, the EOT measured are EOT1 = 5856 nm, EOT2 = 11700 nm and EOT3 = 
17600 nm. Peak 1 does not appear exactly in the expected position, but this is 
due to the fact that the total thickness of layer 1 has been modified by the gold 
deposition. Moreover, the EOT is the combination of the EOT of the gold layer 
and the EOT of the NAA layer. The sum of these factors could explain the dif-
ference between the measured EOT1 in the Au-NAAB and the expected EOT1 
calculated from the EOT2 and EOT3 measured in NAAB. It must be noted how 
peak 2 is not affected by the sputtering of gold in either EOT or FFT intensity. 
This is so because the interfaces that affect the performance of layer 2 are inter-
faces b and c, which are inaccessible to the gold. As a result, peak 2 remains 
unaffected. On the other hand, peak 3 does present a shift in its EOT of ≈ 5 %. 
This shift can be attributed to the gold adlayer deposited at interface a. The most 
interesting feature of peak 3 after gold sputtering is the tremendous enhance-
ment of its intensity, which is increased by a factor of 38. 
 
5.4. SIZE EXCLUSION IN NAA BILAYERS 
 
In order to check the size exclusion performance of NAABs during biosens-
ing, two types of samples were manufactured following the fabrication condi-
tions presented in table 5.2. One set consisted of as-produced NAA double lay-
ers (NAAB) and the second set was coated with 10 nm gold (Au-NAAB). To 
check the ability of NAAB and Au-NAAB to prohibit the entrance of proteins in 
the reference layer, an infiltration experiment with bovine serum albumin (BSA) 
was designed. 
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5.4.1. BSA INFILTRATION EXPERIMENT 
 
BSA is a model protein commonly used in biosensing as a blocking agent to 
limit biofouling due to non-specific biomolecular binding to the sensing sub-
strate. Its largest dimension is roughly 8 nm and at pH 7 is negatively charged 
[179]. Comparing the size of BSA (8 nm) with the pore diameter of the refer-
ence layer (30-35 nm), the pores supply sufficient volume for the accommoda-
tion of BSA. However, protein diffusion in nanoporous substrates can be signif-
icantly limited with pore diameters much larger than the hydrodynamic radius of 
the protein [181]. Therefore, no BSA should enter layer 2 even with the pore 
diameter of layer 2. Moreover, since BSA adsorption to the pore walls could 
occur due to electrostatic interactions [182], prior to the infiltration experiment, 
the NAA double layer structure was blocked with BSA [179]. If any BSA would 
enter the reference layer with the 30 nm pores, this BSA blocking would coat 
the surface of the reference layer further reducing the effective pore diameter to 
roughly 15 nm, limiting even more the diffusion of BSA into the reference layer. 
 
Infiltration protocol 
 
Infiltration of BSA was performed in a two-step fashion: 
1. Step 1: NAABs and Au-NAABs were incubated with 1 mgml-1 solution 
of BSA in PBS for 2 h at 5 °C. This procedure allows us to block the porous 
surface with BSA by electrostatic interaction and to the gold overlayer through 
thiol chemistry. Thanks to this step it is possible to eliminate artifacts in the 
measurements arising from other effects than the steric exclusion of BSA into 
the reference layer. Then, the NAABs and Au-NAABs were thoroughly rinsed 
with PBS to remove any free BSA that did not attach to the porous surface and 
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immediately after with DI water. Prior to measuring, the remaining solvent was 
carefully removed and was left to dry. Once the double layers were dried, their 
reflectance was measured using a Perkin Elmer λ950 spectrophotometer. 
2. Step 2: subsequently, the NAABs and Au-NAABs were incubated with 
1 mgml
-1
 solution of BSA in PBS for 2 h at 5 °C. This step allows us to verify 
the size exclusion performance of the NAA double layers. Prior to reflectance 
measurements, the remaining solution was carefully removed to avoid the de-
velopment of a thick protein layer on top of the structure. Then, the NAABs and 
Au-NAABs were left to dry. Once they were completely dried, their reflectance 
was measured at the same spot. 
 
BSA infiltration results 
 
Fig. 5.8 shows the resulting FFT of an Au-NAAB before the infiltration of 
BSA (grey line) and after the infiltration of BSA (black line). Note that the Au-
NAAB depicted in fig. 5.8 is not the as-produced Au-NAAB, but the Au-NAAB 
after the 1
st
 step infiltration with BSA to block both the pore surface and the 
gold overlayer. As a general feature, the infiltration of BSA resulted in an over-
all decrease of the intensity in the whole FFT spectrum. This is a result from the 
BSA trapped in layer 1. The addition of BSA in layer 1 increases the overall 
refractive index of layer 1 and consequently diminishes the refractive index con-
trast in the double layer. Apart from that, the FFT peaks of layers 1 and 3 pre-
sent an increase in their EOT, which is also a result from the BSA present in the 
working layer. On the other hand, the peak for layer 2 seems unaltered at naked 
eye, but a small shift of 19 nm can be observed. This small shift, compared to 
the shift from layer 1 (ΔEOT1 = 708 nm) and layer 3 (ΔEOT3 = 835 nm) is al-
most negligible and could be attributed to either an artifact of the FFT algorithm 
or to a small inhomogeneity in the sample. 
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The same structure without gold was also tested. The main difference is the 
lack of the peak for layer 1. Therefore, the size exclusion performance can only 
be checked by the FFT peak corresponding to layer 3. Also, the measured ΔE-
OT3 is of just 84 nm. Comparing the results of the Au-NAAB with the NAAB, 
the Au-NAAB exhibits a ΔEOT an order of magnitude higher.  
Apart from the EOT analysis, peak intensity can also be used for the detec-
tion of BSA (see section 5.1.2.2.2). To do so, either A1/A2 or A3/A2 ratios must 
be calculated in order to correct for the environmental drifts.  Of these two rati-
os, the only one comparable in the two structures is the ratio A3/A2 due to the 
lack of peak 1 in the NAAB. For the NAAB, the shift in the amplitude ratio 
(ΔA3/A2) displayed after the infiltration of BSA is of 0.02, while for the Au-
NAAB, this ΔA3/A2 is 19.83. It can be observed how a deposition of just 10 nm 
of gold increases dramatically the response of NAA-based double layer biosen-
sors. All these results are summarized in table 5.3. 
Table 5.3. Experimental results from the FFT analysis of the NAAB and the 
Au-NAAB before and after being infiltrated with BSA. Adapted from [178]. 
Sample ΔEOT1 ΔEOT2 ΔEOT3 A1/A2 A3/A2 A1 
(a.u.) 
A2 
(a.u.) 
A3 
(a.u.) 
NAAB N.A. N.A. N.A. N.A. 1.27 N.A. 2787 3554 
NAAB 
+ BSA 
N.A. 47 84 N.A. 1.29 N.A. 2776 3571 
Au-
NAAB 
N.A. N.A. N.A. 2.25 12.87 2310 1026 13206 
Au-
NAAB 
+ BSA 
708 19 835 2.18 32.70 510 234 7652 
*N.A.: Not applicable 
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Fig. 5.8. FFT plot of the optical response of the Au-NAAB before and after 
the introduction of BSA protein. A decrease in the intensity of the FFT peak in 
all three layers is observed after the entrance of BSA protein the structure. The 
EOT only varies for layers 1 and 3 after the infiltration of BSA protein.  
Adapted from [178]. 
 
5.4. SUMMARY 
 
In this chapter we have presented a novel optical structure for its use as a bio-
sensor. This structure consists in a double layer interferometer in which the top 
layer acts as the working channel, while the bottom layer acts as a reference 
channel. This configuration allows self-correction of the signal for environmen-
tal drifts such as temperature or solvent composition.  
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To achieve self-correction, a size exclusion structural design has been pre-
sented in which BSA (a model analyte) was prohibited to the reference layer by 
means of steric hindrance.  
This complex structure can be fabricated using a 3-step anodization proce-
dure. The first anodization generates pore self-ordering, the second creates the 
working layer and allows fine tuning of its porosity through wet chemical etch-
ing in 5 % wt. H3PO4 and finally, the third anodization grows the reference layer 
that permits the self-correction of the biosensing signal. Since this double layer 
interferometer requires the application of the FFT algorithm explained in chap-
ter IV, section 4.2.1, the layer thicknesses have to be adapted in order to fulfill 
the requirements of this data processing algorithm. From all the data presented 
in this chapter, this means that: 
 For the top layer (i.e. the working channel): the layer thickness must 
be around 2 µm. Thicker films would result in longer infiltration times 
that would lead to longer biosensing experiments, and thinner films 
would result in overlapping of peak 1 with the peak at 0 nm in the FFT 
spectrum. Regarding the porosity, this should be kept to the highest val-
ue possible that maintains the straight pore structure. For samples fabri-
cated in 0.3M H2C2O4 at 40V and 5°C this requires an etching with 5 % 
wt. H3PO4 at 35 °C for 15-20 min. 
 For the bottom layer (i.e. the reference channel): the layer thickness 
should provide sufficient spacing between the FFT peaks after the data 
processing to ensure no overlapping of the peaks. This will avoid errors 
during the peak picking step of the FFT algorithm. To achieve this spac-
ing, the thickness ratio between the top and bottom layers (L1/L2) must 
be between 0.5 and 0.75 (i.e. L2 ≈ 4 µm). Regarding the porosity, in this 
case it should be kept to the minimum (i.e. as produced porosity).  The 
optimal case would be the one that ensures a pore diameter smaller than 
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the size of the analyte, but pores up to 30-35 nm seem to work fine with 
NAAB. 
Finally, it has been demonstrated how a deposition of just 10 nm of gold is 
able to improve the refractive index contrast of the double layer structure. This 
signal enhancement allows the detection of the FFT peak for the top layer 1 
which would otherwise be invisible due to the small refractive index contrast. 
Moreover, this 10 nm of gold also result in a much more sensitive detection of 
BSA in both EOT and FFT intensity measurements. 
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6.1. INTRODUCTION 
 
6.1.1. WHAT IS A PHOTONIC CRYSTAL? 
 
Photonic crystals (PCs)are periodic dielectric structures that are able to mod-
ulate light in a way that they are able prohibit the propagation of a certain fre-
quency range of light. This frequency region of the electromagnetic spectrum 
whose propagation is prohibited by the dielectric structure is called the photonic 
band gap (PBG). 
 
6.1.2. TYPES OF PHOTONIC CRYSTALS 
 
 
Figure 6.1. Schematic structure of the three kinds of photonic crystals: a) 1-
D, b) 2-D, and c) 3-D. Red arrows display the directions in which the PBG exist 
in each structure. 
 
n2 
n1 
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PCs are interferometric structures that take advantage of the optical proper-
ties of materials to create PBGs by accurately adjusting the structure of these 
crystals. Fig. 6.1 shows the different possible structures for the development of 
PCs. Depending on the number of dimensions in which de PBG exists, PCs can 
be classified as: 
 1-D PCs: as depicted in fig. 6.1a, 1-D PCs consist of alternating two ma-
terials of refractive index n1 and n2. They are typically fabricated by alternate 
deposition of the materials onto a glass substrate. The PBG displayed by these 
PCs is only observed perpendicularly to the deposition plane. If thicknesses t1 
and t2 are appropriately designed, the combined reflection of the multilayer 
stack will result in a PBG. The most common 1-D photonic crystal is the dis-
tributed Bragg reflector (DBR). DBRs consist of a multilayer stack in which all 
the layers match the following relationship [105]: 
𝑚𝜆 = 2(𝑛1𝑡1 + 𝑛2𝑡2)       (6.1) 
Where m is the order of the Bragg condition, λ is the central wavelength of 
the PBG, ni is the refractive index of the layer and ti is the thickness of the layer. 
 2-D PCs: depicted in fig. 6.1b, 2-D PCs display two PBGs: one in the x 
direction and the other in the y direction. Compared with 1-D PCs, 2-D PCs 
resemble a stack of 1-D PCs. However, the most common way to fabricate 2-D 
PCs is by drilling holes onto a substrate by combining lithographic and etching 
techniques [83]. In fact, NAA layers can be considered as 2-D PCs, but only 
NAA samples anodized at high voltages may display a PBG in the visible region 
due to the refractive index of anodic alumina (nNAAbulk ≈ 1.67). 
 3-D PCs: a schematic representation of 3-D PCs is shown in fig. 6.1c. 
Similarly to 2-D PCs, 3-D PCs consist of a stack of 2-D PCs. This structural 
design allows the device to present a PBG in the three directions x, y and z. 
Common 3-D PCs are opals and inverse opals. Increasing the number of dimen-
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sions in which a PC exist increases also the complexity and cost of the tech-
niques required for the fabrication of such structures. This is especially true for 
3-D PCs. However, bottom-up methods based on the self-assembly of monodis-
perse spherical nanoparticles has not only simplified the fabrication considera-
bly but also reduced the costs [83]. 
 
6.2. OPERATING PRINCIPLE OF RUGATE FILTERS 
 
Rugate filters are a specific kind of 1-D PCs. Similar to DBRs, rugate filters 
show a periodic variation of their refractive index that results in a PBG in the 
direction of the variation. However, this refractive index modulation is not step-
wise, as in DBRs, but has a sinusoidal shape. This feature results in a single 
PBG without the harmonics or the sidelobes present in DBRs. Moreover, thanks 
to this sinusoidal variation of the refractive index, it is possible to fabricate ru-
gate filters with complex optical responses by superimposing multiple refractive 
index profiles. 
In order to fabricate rugate filters with a stop band centered at a desired 
wavelength λ0, it is necessary to design the refractive index profile so that the 
refractive index reproduces the following expression [183]: 
𝑛(𝑥) =  𝑛0 +
∆𝑛
2
sin (
4𝜋𝑥
𝜆0
)       (6.2) 
Where x is the optical path (i.e. the distance in the direction in which the 
PBG will be generated), n0 is the average refractive index of the photonic struc-
ture, and Δn is the refractive index contrast. 
As it can be observed from eq. 6.2, the position λ0 of the PBG in rugate filters 
is very sensitive to the refractive index of the structure and frequency of the si-
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nusoidal variation. This allows fine tuning of the position of λ0 by either modi-
fying n0 or the oscillating frequency 4πx. Moreover, if a porous material, such as 
pSi or NAA, is used for the fabrication of rugate filters, these photonic struc-
tures can be used as sensors thanks to their porous nature [184, 185, 186, 187, 
188, 189]. This is thanks to the dependency of the effective refractive index neff 
in porous materials to the material filling the pores. Therefore, if a given porous 
rugate filter fabricated with a sinusoidal frequency f0, centered at λ0, and dis-
playing a refractive index in air of neff0, is immersed in water, the effective re-
fractive index will be shifted to neff1 so that neff1 > neff0 resulting in a redshift 
from λ0 to λ1. 
 
6.3. FABRICATION OF RUGATE FILTERS WITH NANOPOROUS ANODIC 
ALUMINA 
 
The fabrication of complex optical structures with porous materials requires 
precise modulation of the porosity along the film thickness. However, porosity 
modulation in NAA has been challenging due to the thick insulating barrier lay-
er at the pore bottom.  
The first technique developed for porosity modulation during the anodization 
of NAA was pulse anodization [102, 103, 104]. This technique combined mild 
and hard anodization regimes by using short voltage pulses that turned the ano-
dization from mild to hard conditions. This allowed great changes in the porosi-
ty along the direction of the anodization thanks to the short pulses that avoided 
the stabilization of the barrier layer alumina at the pore bottom. However, de-
spite the fact that no optical characterization was made on this innovative ap-
proach, mild to hard anodization transitions would result in abrupt refractive 
index variations that would not fit the requirements of eq. 6.2. Recently, current 
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controlled anodization procedures have been developed in order to have better 
control over the pore growth and fabricate PC based on NAA [109]. This novel 
technique shows promising results for the fabrication of complex PC by accu-
rately designing the current profile. 
 
 
Figure 6.2. Fabrication of NAA rugate filters by means of small current vari-
ations. a) full experimental data showing the characteristic current and voltage 
evolution during the fabrication of an apodized NAA rugate filter; b) amplifica-
tion of the region with maximum amplitude of the current profile; and c) cross 
sectional SEM micrograph of NAA rugate filter anodized for 300 cycles with an 
apodized sinusoidal current profile as seen in a), the inset shows the top view of 
the structure (scale bar = 1 µm). Adapted from [142]. 
 
Fig. 6.2a shows the characteristic current profile used in our facilities for the 
fabrication of NAA rugate filters. Our work focused on the development of ru-
c
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gate filters under mild anodization conditions using 0.3 M H2C2O4 as the elec-
trolyte. To do so, the current modulation was adjusted in order to maintain a 
small voltage oscillation that would avoid pore branching. This oscillatory cur-
rent consisted in a direct current (DC) component of 2.05 mA·cm
-2
 and a sinus-
oidal alternating current (AC) component whose maximum amplitude was 1.45 
mA·cm
-2 
[142]. The resulting voltage depicted in fig. 6.2a shows how the cur-
rent profile applied during the anodization results in an initial transitory voltage 
that corresponds to the BLA growth. After stabilization of the BLA, the voltage 
remains stable within the 37-48 V range and follows the current profile with a 
small delay as shown in fig. 6.2b. Thanks to this current profile, the voltage var-
iation can be maintained within a range that avoids pore branching but still re-
sults in periodic modulation of the porosity depicted in fig. 6.2c as a smooth 
variation of the pore diameter along the pore axis. 
These initial experiments showed really good results, but still more work 
needed to be done in order to fully understand the effect of NAA’s structural 
parameters in the generation of rugate filter-based PBGs. In the following sec-
tions we are going to discuss the effect of pore ordering, number of cycles, 
apodization, aluminium bulk, porosity, and period time. 
 
6.3.1. EFFECT OF PORE ORDERING 
 
One of the most well-known features of NAA is its ability to undergo self-
ordering by applying a two-step anodization procedure. In this section we are 
going to assess the effect of pore ordering in the performance of NAA rugate 
filters. In order to avoid the effects of other parameters, we analyzed the sim-
plest current profile for rugate filter fabrication: a sine wave without apodiza-
tion.  
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To assess the effect of pore ordering, two samples were fabricated. One of 
them (sample OE1) was directly anodized with the sinusoidal current profile 
(2.05 ± 1.45 mA·cm
-2
) after electropolishing in EtOH:HClO4 (4:1, v:v) at 20 V 
and 5 °C for 4 min. The other sample (sample OE2) was anodized at a constant 
voltage of 40 V for 20 h in order to induce pore self-ordering after electropolish-
ing under the same conditions as sample OE1. This sacrificial layer was then 
selectively dissolved in a mixture of 0.4 M H3PO4 and 0.2 M H2CrO4 at 70 °C 
for 3 h. Finally, the resulting patterned Al foil was anodized using the same si-
nusoidal current profile as sample OE1. A summary of the fabrication condi-
tions is presented in table 6.1. 
 
Table 6.1. Fabrication conditions of the samples used for the assessment of  
the effect of pore ordering in NAA based rugate filters. 
Sample Electrolyte 
Frequency 
(Hz) 
1
st
 step 
Current 
density 
(mA/cm
2
) 
Cycles 
Expected 
thickness 
(µm) 
OE1 H2C2O4 
(0.3 M) 
0.05 
No 
2.05±1.45 
50 7.6 
OE2 Yes 50 7.6 
 
Fabrication curves 
 
Fig. 6.3 and 6.4 show the experimental fabrication curves of samples OE1 
and OE2 respectively. The first difference between OE1 and OE2 is their behav-
ior during voltage stabilization. Sample OE1 shows an initial voltage peak of 
57.9 V before stabilizing at 42.6 ± 4.5 V whereas for sample OE2 the initial 
voltage peak is 46.8 V and then displays a mean voltage of 40.3 ± 4.3 V. It can 
be observed also how voltage in sample OE1 is more stable than in sample OE2, 
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where there is a clear drift of the mean voltage after stabilization from 39.5 V to 
41.1 V. These differences in the behavior is introduced by the nanostructured 
aluminum foil which helps to restrict the resulting mean voltage to values close 
to the potential used in the 1
st
 step. However, the voltage drift may be intro-
duced by the mean applied current, which may be not appropriate for maintain-
ing a 40 V mean voltage throughout the anodization procedure. The amplitude 
of the voltage oscillation is almost the same in the two cases decreasing only by 
0.2 V in sample OE2. The similar voltage amplitudes show a clear dependency 
with the current amplitude. Nevertheless, the slightly smaller amplitude appreci-
ated in sample OE2 may be introduced by the 1
st
 step which may help to main-
tain pore ordering in depth. 
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Figure 6.3. Evolution of voltage and current density (j) during the anodiza-
tion of sample OE1 using a sinusoïdal current wave for 50 cycles in a sample 
just electropolished prior to rugate filter anodization. 
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Figure 6.4. Evolution of voltage and current density (j) during the anodiza-
tion of sample OE2 using a sinusoïdal current wave for 50 cycles in a sample 
with 1
st
 step anodization prior to rugate filter fabrication. 
 
Optical characterization 
 
The reflectance of samples OE1 and OE2 was measured in the UV-Vis-NIR 
region to determine the effect of pore ordering on the resulting PBG. The results 
are shown in fig 6.5. It can be observed how in both OE1 and OE2 the position 
of the PBG is almost the same. This is related with the frequency (or period) of 
the current profile. The Fabry-Pérot oscillation present in the spectrum due to 
the overall thickness of the NAA rugate filter is more noticeable in OE1 than in 
OE2. However, the PBG is more noticeable in OE1 than in OE2. This result 
shows that samples manufactured in 0.3 M H2C2O4 under mild anodization 
conditions display better PBGs with disordered pores. This may be attributed to 
the 2-D PC properties of self-ordered pores which may interfere with the effi-
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ciency of the PC structure along the pore axis, but more experiments should be 
made in order to verify this theory. 
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Figure 6.5. Reflectance spectra of samples OE1-OE2 with the aluminium 
(Al) bulk obtained with a Perkin Elmer λ 950 UV-Vis-NIR spectrophotometer 
coupled with the Universal Reflectance Accessory (URA). Inset shows a magni-
fication of the resonance region. 
 
6.3.2. EFFECT OF NUMBER OF CYCLES 
 
Another important feature of 1-D PC is the amount of layers (or in this case, 
cycles) required to display a PBG [183]. This is especially interesting for bio-
sensing applications. As we explained in section 4.3.2, thick porous layers may 
result in long stabilization times for biosensing experiments [174]. 
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To experimentally determine the amount of cycles required for NAA based 
rugate filters to display a PBG, 4 different samples (CO1-CO4) were fabricated. 
Table 6.2 resumes the fabrication conditions. 
 
Table 6.2. Fabrication conditions of NAA rugate filters anodized fabricated 
for the optimization of the number of cycles required for PBG generation. An 
expected thickness is also supplied based on our total charge calibration curve 
(see chapter III, section 3.4.1). 
Sample Electrolyte 
Frequency 
(Hz) 
1
st
 step 
Current 
density 
(mA/cm
2
) 
Cycles 
Expected 
thickness 
(µm) 
CO1 
H2C2O4 
(0.3 M) 
0.05 No 2.05±1.45 
25 3.8 
CO2 50 7.6 
CO3 100 15.2 
CO4 200 30.4 
 
Optical characterization 
 
Samples CO1-CO4 were measured in reflectance in the UV-Vis-NIR region 
to see the effect of the number of cycles in the PBG. The resulting spectra are 
depicted in fig. 6.6. It can be observed how as the number of cycles increases, 
the number of Fabry-Pérot oscillations increments and their amplitude decrease 
until their complete disappearance in sample CO4. This is a result of the increas-
ing layer thickness with the number of cycles. It must also be noted that the re-
flection at 300 nm is strongly affected by the number of cycles. This is related 
with the absorption of alumina in the UV. Therefore, thicker samples result in 
stronger absorption in the UV region. Regarding the PBG, in all 4 samples it can 
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be distinguished. However, the reflecting intensity of the PBG in sample CO1 is 
similar to that of the Fabry-Pérot oscillations. If the number of cycles were fur-
ther diminished, no PBG would be appreciated since the Fabry-Pérot oscillations 
would certainly mask it. It must also be noted that increasing the number of cy-
cles results in a slight blue-shift of the PBG and also a widening of the band. 
This may be attributed to chemical dissolution of the pore walls of the initial 
layers during the anodization [108]. This dissolution may hamper the efficiency 
of the stop band. Therefore, further work in NAA based rugate filters should 
include in situ correction of the dissolution by adjusting the current profile with 
time. 
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Figure 6.6. Reflectance spectra of samples CO1-CO4 with the aluminium 
(Al) bulk obtained with a Perkin Elmer λ 950 UV-Vis-NIR spectrophotometer 
coupled with the Universal Reflectance Accessory (URA). Inset shows a magni-
fication of the ressonance region. 
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Figure 6.7. Photoluminescence spectra of samples CO1-CO4 with the alu-
minium (Al) bulk. The ressonance band seen in the reflectance spectra can be 
appreciated as a sharp localized decrease of the emission spectrum in all 4 sam-
ples. 
 
The photoluminescent properties of samples CO1-CO4 were also studied. 
Given the nice reflection bands obtained in these samples, it was interesting to 
test their effect on the photoluminescence (PL) spectrum of NAA. As explained 
in section 3.4.2.2, NAA manufactured in oxalic acid under mild anodization 
conditions display a bright blue (≈ 425 nm) PL in the 350-600 nm region. There-
fore, if a PBG is created in this region, the resulting PL spectrum should be al-
tered. Fig. 6.7 shows the results. It can be observed how, as expected, the overall 
PL intensity increases with the thickness of the sample. The most interesting 
feature however, is the apparition of a PL dip in all four samples. It can be ob-
served how this dip is more pronounced as the number of cycles increase. Also, 
the position of the dip is blue-shifted for the two thickest samples as it happened 
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in the reflection measurements shown in fig. 6.6. The difference between the 
position of the PL dips in fig. 6.7 and the stop bands in fig. 6.6 is due to the dif-
ferent measurement angles in the two techniques (i.e. 6 ° for reflectance and 
270° for PL). 
 
6.3.3. EFFECT OF APODIZATION 
 
Performing an apodization on the sinusoidal current profile used for the fab-
rication of rugate filters is a common technique used to eliminate the sidelobes 
of a PBG.  
Apodization consists in the modulation of the current profile. In our case, this 
is performed by applying a cosine function on the amplitude of the sinusoidal 
current wave [183]. This modulation can be performed in two ways: increas-
ing/decreasing the amplitude of the current wave (from now on “positive” 
apodization), or decreasing/increasing the amplitude of the current wave (from 
now on “negative” apodization). 
 
Table 6.3. Fabrication conditions of the samples used for evaluating the ef-
fect of cosine function apodization of the current wave in the performance of 
NAA rugate filters. 
Sample Electrolyte 
Frequency 
(Hz) 
1
st
 
step 
Current 
density 
(mA/cm
2
) 
Cycles Apodization 
Expected 
thickness 
(µm) 
AO1 
H2C2O4 
(0.3 M) 
0.05 Yes 2.05±1.45 50 
None 
7.6 AO2 Negative 
AO3 Positive 
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In order to check the best apodization for the fabrication of NAA rugate fil-
ters, 3 different samples were fabricated: without apodization (control), with 
positive apodization and with negative apodization. The fabrication conditions 
of the NAA rugate filters fabricated for this optimization study are summarized 
in table 6.3. 
 
No apodization 
 
0 2000 4000 6000 8000 10000 12000
0,5
1,0
1,5
2,0
2,5
3,0
3,5
 
 j
 Voltage
Time (s)
C
u
rr
e
n
t 
d
e
n
s
it
y
 (
m
A
/c
m
2
)
0
10
20
30
40
50
60
V
o
lta
g
e
 (V
)
 
Figure 6.8. Evolution of voltage and current density (j) during the anodiza-
tion using a sinusoïdal current wave for 50 cycles in a sample with 1
st
 step ano-
dization prior to rugate filter fabrication and no apodization of the current wave. 
 
The experimental data from the anodization procedure of sample AO1 is 
shown in fig. 6.8. As it can be observed, it shows the same behavior as sample 
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OE2 in fig. 6.4: a stable sinusoidal variation of the voltage with a small voltage 
increase drift as a result of the 1
st
 step anodization. 
 
“Negative” apodization 
 
The data acquired during the fabrication of sample AO2 is presented in fig. 
6.9. It can be observed how “negative” apodization results in a bow-tie shaped 
current profile. Similarly to the other samples presented in this chapter, the volt-
age developed follows the shape of the current profile with a small delay. Even 
though the oscillatory shape of the voltage partially masks it, the mean voltage 
developed is not stable, it follows the shape of the cosine function used to 
apodize the current wave decreasing toa mean voltage value of 37.5 V in the 
middle of the anodization. 
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Figure 6.9. Evolution of voltage and current density (j) during the anodiza-
tion using a sinusoïdal current wave for 50 cycles in a sample with 1
st
 step ano-
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dization prior to rugate filter fabrication and positive apodization of the current 
wave. 
 
“Positive” apodization 
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Figure 6.10. Evolution of voltage and current density (j) during the anodiza-
tion using a sinusoïdal current wave for 50 cycles in a sample with 1
st
 step ano-
dization prior to rugate filter fabrication and negative apodization of the current 
wave. 
 
Experimental data from the anodization of sample AO3 is presented in fig. 
6.10. In this case, the shape of the voltage profile is not exactly the same as the 
one from the applied current. This is due to the fact that, similarly to AO2, the 
mean voltage value follows the shape of the cosine apodization function, reach-
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ing a maximum mean voltage value of 41.8 V in the middle of the anodization 
procedure. 
 
Results 
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Figure 6.11. Reflectance spectra of samples AO1-AO3 with the aluminium 
(Al) bulk obtained with a Perkin Elmer λ 950 UV-Vis-NIR spectrophotometer 
coupled with the Universal Reflectance Accessory (URA). Inset shows a magni-
fication of the resonance region. 
 
In order to assess the effect of apodization on the PBG of NAA rugate filters, 
samples AO1-AO3 were measured in reflectance. The resulting reflectance 
spectra are shown in fig. 6.11. Sample AO1 was anodized with a simple sinus-
oidal current wave to act as a control for samples AO2 and AO3. It can be ob-
served how the overall shape of the three samples is almost the same in the stud-
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ied region and the tiny differences observed may be attributed to sample inho-
mogeneity rather than an effect of the current apodization. It can also be ob-
served how the three samples show a reflection band around 480 nm, showing 
the good repeatability of the process for samples anodized for the same time 
period. Comparing samples AO2 and AO3 with the control AO1, it can be seen 
how samples anodized under an apodized current profile result in higher reflec-
tivity of the stop band despite the higher amplitude of the Fabry-Pérot oscilla-
tions displayed by these samples. An interesting behavior is shown by sample 
AO2. Apart from displaying a reflectance band, it also presents a sharp reflec-
tance valley immediately before. This is due to the 0 mA amplitude region in the 
negatively apodized current profile of sample AO2. This region could have gen-
erated a defect in the PC structure of the NAA rugate filter creating a microcavi-
ty-like structure. However, more work needs to be done in order to verify this 
hypothesis. 
 
6.3.4. EFFECT OF PERIOD TIME 
 
As explained by eq. 6.2, given a mean refractive index n and a fixed refrac-
tive index variation Δn, the frequency at which the refractive index is modulated 
in depth is the key parameter for tuning the position of the stop band. Therefore, 
according to eq. 6.2, calibration of the position of the PBG can be performed 
experimentally by fabricating several NAA rugate filters under different fre-
quencies. However, since the growth of NAA is very slow, the frequency differ-
ences between the samples are very small. For this reason, in this section the 
period time of the current wave will be used instead of the frequency to enhance 
the clarity of the data. 
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In order to prove the possibility of tuning the PBG of NAA rugate filters by 
adjusting the period of the current wave, three sets of samples with periods of t1 
=200 s, t2 = 250 s and t3 = 300 s were fabricated. Further details on the fabrica-
tion conditions are presented in table 6.4. 
 
Table 6.4. Fabrication conditions of the samples used for the calibration of 
the position of the PBG in NAA rugate filters as a function of period time. 
Period 
time (s) 
Electrolyte 
Temperature 
(°C) 
Apodization 
1
st
 
step 
Current 
density 
(mA/cm
2
) 
Cycles 
200 
H2C2O4 
(0.3 M) 
5 None No 2.05±1.45 50 250 
300 
 
Fig. 6.12a, the resulting reflectance spectra of samples NAA rugate filters 
anodized with period times of t1 =200 s, t2 = 250 s and t3 = 300 s are presented. 
It can be observed how longer period times results in a redshift of the PBG. This 
happens because longer period times result in longer pore diameter variations 
along the pore axis, which result in layers with longer optical thicknesses. These 
longer optical thicknesses are the reason for the redshift of the PBG. Moreover, 
as the period time increases, the reflectance bands widen. This may be a result 
of the chemical etching of the porous structure due to the longer anodization 
times in the samples with longer periods. A calibration of the position of the 
PBG is shown in fig. 6.12b. The period time shows a linear relationship with the 
position of the reflectance band with a slope of 2.4 nm·s
-1
[142]. 
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Figure 6.12. Calibration results for the fabrication of rugate filters. a) reflec-
tance spectra of NAA rugate filters anodized with a period of 200, 250 and 300 s 
for 50 cycles; and b) calibration curve of the position of the ressonance band. 
Increasing the period time results in a red-shift of the ressonance band. Also, 
longer period times results in wider ressonance bands. Adapted from [142]. 
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6.3.5. EFFECT OF PORE WIDENING 
 
Pore widening post treatments have a direct influence on the average refrac-
tive index n of the NAA rugate filter. However, this may not be the only effect. 
It has been proven that NAA dissolution rate is directly dependent on the ap-
plied voltage used during the fabrication of NAA films [141]. Our approach for 
the fabrication of NAA rugate filters does not apply voltage, but current. Never-
theless, still voltage variations can be measured during the anodization and may 
result in heterogeneous dissolution of the pore walls upon pore widening post-
treatment with 5 % wt. H3PO4 at 35 °C. 
In order to assess the effect of pore widening, 4 sets of samples were fabri-
cated and their pores widened by wet chemical etching in 5 % wt. H3PO4 at 35 
°C for tpw1 = 0 min, tpw2 = 5 min, tpw3 = 10 min and tpw4 = 15 min. More details 
on the fabrication conditions of the NAA rugate filters is shown in table 6.5. 
 
Table 6.5. Fabrication conditions of the samples used to assess the effect of 
pore widening post-treatments in the PBG of NAA rugate filters. 
tpw (min) Electrolyte 
Temperature 
(°C) 
Apodization 
1
st
 
step 
Current 
density 
(mA/cm
2
) 
Period 
(s) 
Cycles 
0 
H2C2O4 
(0.3 M) 
5 None No 2.05±1.45 200 300 
5 
10 
15 
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The spectra displayed in fig. 6.13 shows the resulting reflectance in the 350-
800 nm range of the samples presented in table 6.5. As expected from eq. 6.2, 
the pore widening post-treatment resulted in a blueshift of the stop band as a 
result of the decrease of the refractive index due to the partial dissolution of the 
pore walls. Also, increasing pore widening times resulted in wider bands. This 
broadening is due to the refractive index contrast (Δn).  The higher the Δn , the 
wider the stop band. As it was commented at the beginning of this section, this 
Δn increase is due to the heterogeneous dissolution of the pore walls as a result 
of the oscillatory voltage profile developed by the samples during the anodiza-
tion. This voltage profile resulted in multiple dissolution rates along the pore 
axis depending on the voltage developed. As a result, NAA rugate filters are 
able to increase their Δn by the pore widening process. 
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Figure 6.13.  Reflectance spectra of NAA rugate filters anodized for 300 cy-
cles, with an apodized sinusoidal current profile with a period time of 200 s. The 
samples were post-treated in H3PO4 5 % wt. at 35 ºC for 0, 5, 10 and 15 min in 
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order to evaluate the effect of porosity on the performance of the rugate filters. 
Increasing the pore widening time resulted in a blue-shift as well as in a widen-
ing of the stop band. Also, a higher porosity results in a decrease of the overall 
reflectivity of the sample. 
 
6.3.6. EFFECT OF ALUMINIUM BULK 
 
All the reflectance spectra presented so far have shown an overall high reflec-
tance in the 400-800 nm range. This may be attributed to the high transparency 
of NAA manufactured in oxalic acid that allows us to see the reflectance of the 
Al bulk also. This high reflectance may affect the measurement of the reflectivi-
ty of the stop band due to the combination of the reflectance of the NAA rugate 
filter and the reflectance of the remaining Al bulk. In order to eliminate the ef-
fect of the Al bulk, the remaining Al of the samples presented in table 6.5 was 
selectively dissolved using a HCl/CuCl-saturated solution and the resulting 
samples were measured in reflectance. The results are shown in fig. 6.14. 
Fig. 6.13 and 6.14 show the same NAA rugate filters before and after the dis-
solution of the Al bulk. It can be observed how the trend in the height of the stop 
band changes completely from fig. 6.13 to fig. 6.14. On the other hand, no sig-
nificant shifts can be observed in the position or the width of the PBGs. This 
confirms the fact that the intensity of the reflectance is strongly influenced by 
the Al present at the bottom of the porous structure. 
The elimination of the Al not only allowed a better visibility of the reflec-
tance band, but also opened the possibility to measure the NAA rugate filters in 
transmission and test the performance of the PBG in light blocking. The results 
of the transmission measurements of NAA rugate filters are shown in fig. 6.15. 
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Figure 6.14. Reflectance spectra of NAA rugate filters anodized for 300 cy-
cles, with an apodized sinusoidal current profile with a period time of 200 s. The 
samples were post-treated in H3PO4 5 % wt. at 35 ºC for 0, 5, 10 and 15 min and 
the remaining Al was selectively dissolved in a mixture of HCl and CuCl in or-
der to evaluate the effect of the Al substrate on the reflectance spectra of the 
rugate filters. The results show that most of the reflectance outside the resonance 
band is due to light reflection in the NAA rugate filter/Al interface. Once the Al 
substrate is eliminated, the resonance band is more visible. Adapted from [142]. 
Transmission measurements show how the pore widening post-treatment im-
proves the performance of the PBG. Longer pore widening times resulted in 
lower transmission in the stop band as well as less steep edges in the UV region, 
possibly due to a combination of scattering losses and the absorption of alumina. 
Even though the results presented do not show a perfect PBG (i.e. with a 0 % 
transmission in the center of the band), the tendency shows that 0 % transmis-
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sion may be obtained with longer pore widening treatments in the order of 20-25 
min. 
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Figure 6.15. Transmitance spectra of NAA rugate filters anodized for 300 
cycles, with an apodized sinusoïdal current profile  with a period time of 200 s. 
The samples were post-treated in H3PO4 5 % wt. at 35 ºC for 0, 5, 10 and 15 
min. As in the reflectance spectra, increasing the porosity results in a blue-shift 
and a widening of the ressonance band. After 15 min of pore widening, the 
NAA rugate filters allows just a 10 % of transmission in its ressonance band. 
Further chemical etching of the pores could result in a stop-band in the resso-
nance region. Adapted from [142]. 
6.4. SENSING WITH NAA RUGATE FILTERS 
 
In the previous section, the basics of the fabrication and the effect of the key 
parameters involved in the generation of NAA rugate filters have been present-
ed. This photonic structure, combined with the properties of NAA, shows prom-
ising results for the development of optical biosensors.  
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To determine the possibilities of NAA rugate filters for optical biosensing, a 
real-time detection experiment was performed with a sample from table 6.5. In 
order to decide which NAA rugate filter was better for the sensing experiment, a 
Gaussian fit of the stop band was performed in each of the spectra after Al re-
moval in order to extract the central wavelength (λ0), the full width at half max-
imum (FWHM) and the height of the reflectance band (h). With these data, it 
was possible to calculate the quality factor (Qf) of the four kinds of NAA rugate 
filters as follows: 
𝑄𝑓 =
𝜆0
𝐹𝑊𝐻𝑀
        (6.3) 
Where Qf is the quality factor, λ0 is the wavelength at which the stop band is 
centered and FWHM is the full width at half maximum obtained from the 
Gaussian fitting. 
Since the detection algorithms may also be influenced by the contrast (i.e. the 
height of the reflectance band), the decision was not solely made on the Qf value 
but on the combination of the height (h) of the reflectance band and the Qf (i.e. 
h·Qf). As seen in table 6.6, the sample with the highest h·Qf is the one with a 
pore widening of 5 min. 
Table 6.6. Results from the Gaussian fitting on the spectra shown in fig. 6.14 
and the corresponding quality factors for each of the NAA rugate filters. 
tpw (min) λ0 (nm) FWHM (nm) h (%) Qf h·Qf 
0 448 27 43.4 16.6 720.1 
5 438 31 52.7 14.1 744.6 
10 418 43 58.1 9.7 564.8 
15 411 46 57.8 8.9 516.4 
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Once determined that the best NAA rugate filter consisted in 300 cycles,  tpw 
= 5 min and without Al, a proof of concept real-time sensing experiment was 
performed. This experiment consisted in the monitorization of the reflectance 
band in real time in a custom-made flow cell under different filling mediums. 
First of all, a reference signal was obtained for the sample in air. Then EtOH 
was flowed under a constant rate of 1 ml·min
-1
. Subsequently, DI water was 
flowed into the chamber at the same flow rate in order to check if the structure 
was sensitive enough to detect the small refractive index change between EtOH 
and DI water. Finally, EtOH was flowed again to verify the repeatability of the 
system. The measured position of the reflectance band during the experiment is 
shown in fig. 6.16. 
 
 
Figure 6.16. Real-time measurement of a NAA rugate filter in a flow-cell 
where EtOH, de-ionized water and EtOH were serially flushed in to the cham-
ber. Adapted from [142]. 
The results of the real-time measurements show that the structure can clearly 
difference between the three distinct filling media (air, DI water and EtOH) with 
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a highly stable signal that shows no significant drift within the time studied as 
well as a low noise level of just 0.04 nm. Moreover, being able to distinguish 
between two liquids with a similar refractive index such as DI water (nwater = 
1.333) and EtOH (nEtOH = 1.362) means that the structure is readily able to 
detect changes of 0.029 RIU (refractive index units) with a sensitivity of 48.8 
nm·RIU
-1
. Also, the second EtOH infiltration resulted in the reflection band re-
turning to the position of the first EtOH infiltration after a short transitory time 
thus indicating the high reproducibility of the system [142]. 
 
6.5. SUMMARY 
 
In this chapter we have presented a novel photonic structure in NAA for 
sensing applications: the rugate filter. This photonic structure is a specific kind 
of 1-D PC. It consists of a layer of NAA in which the refractive index is modu-
lated sinusoidally so that the reflection of a specific wavelength is enhanced, 
thus resulting in a PBG. 
The fabrication procedure of NAA consisted in the anodization of aluminum 
foils in oxalic acid under mild anodization conditions using a sinusoidal current 
wave displaying small variations of just 1.45 mA·cm
-2
 on a DC component of 
2.05 mA·cm
-2
. Also, the position of the stop band arising from the multilayer 
structure can be finely tuned by adjusting the period time of the current oscilla-
tions. The parameters involved in the fabrication of NAA rugate filters have 
been studied in detail to determine their effect on the PBG of the structure. The 
optimized structure for sensing applications would be the following: 
 Disordered pores: our results show that better definition of the PBG is 
achieved when the nanopores display a disordered arrangement. 
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 Anodized during 50 cycles: the number of cycles is critical, since too 
few cycles would result in no PBG and too many cycles would result in samples 
too thick to be able to respond fast upon infiltration of the analyte solution. Even 
though our results show that with 25 cycles it is enough to see a PBG, it is ad-
visable to perform the anodization for a total of 50 cycles to obtain a clearer 
PBG without having an excessive thickness. 
 “Positive” apodization of the current wave: from all the three apodiza-
tion possibilities studied, the so-called “positive” apodization shows the best 
PBG without sidelobes. “Negative” apodization is also an interesting structure, 
but it resembles more to a microcavity than a rugate filter. For that reason, “neg-
ative” apodization was discarded. However, more work should be performed in 
this structure in order to determine its possible applications. 
 Without Al bulk: due to the high transparency of NAA, if the remaining 
Al is not removed, the resulting reflectance would be the combination of the 
stop band arising from the PC structure and the response from the reflection at 
the NAA/Al interface. This combination of reflections partially mask the reflec-
tance band and may interfere with the peak detection algorithms. 
 5 min of pore widening: our results show that the best h·Qf is achieved 
for samples where the pores were widened for 5 min by wet chemical etching. 
However, even though the performance of optical resonators is strongly influ-
enced by their quality factor, the pores should also provide sufficient volume for 
both the bioreceptor and the analyte of interest. Therefore, these 5 min of pore 
widening should be taken as a recommendation and not as a necessary feature, 
as wider pores may be required depending on the analyte of interest. 
Moreover, a NAA rugate filter structure consisting of 300 cycles at a period 
time of t = 200 s and 5 min of pore widening was tested in a flow cell to deter-
mine its sensitivity to refractive index variations by serial infiltration of 
EtOH/DI water/EtOH. The real-time measurement showed that the NAA rugate 
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filter structure displays a highly stable and repeatable signal with a noise level of 
just 0.04 nm and a sensitivity of 48.8 nm·RIU
-1
. These are promising results for 
the sensing applications of NAA rugate filters fabricated under small current 
variations, but still more work has to be done in order to develop fully functional 
biosensors based on this photonic structure. 
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In this Ph.D. thesis it has been presented the possibility to use NAA as a 
nanostructured substrate for the development of label-free optical biosen-
sors. Among the available techniques for biosensing presented in chapter II, 
optical biosensing was chosen due to its high sensitivity. From the optical 
techniques presented for the detection of biomolecular interactions, this 
work has focused on the use of RIfS for the detection of binding events, 
which is a very sensitive technique that allows the measurement of the thin 
films in reflectance. With this technique, three different structures of in-
creasing complexity have been presented and tested to assess their sensing 
capabilities: monolayers, bilayers and rugate filters.  
Chapter III has presented the basics of NAA fabrication. Several tech-
niques have been discussed such as ordering techniques (i.e.  nanoimprinting 
or two-step anodization), and anodization techniques (i.e. mild and hard an-
odization). Also, the calibration curves used throughout this thesis for pre-
cise manufacture of NAA thin films with high repeatability are shown for 
layer thickness (either with time or total charge control) and for pore widen-
ing in phosphoric acid. Finally, optical characterization has been presented 
showing the basic effects of structural parameters, such as layer thickness 
and porosity, on the refractive index of the thin films as well as their photo-
luminescence properties. 
Chapter IV has shown all the work made with NAA monolayers for bio-
sensing purposes. After a brief introduction of the working principle of 
NAA monolayers for biosensing and the available data processing algo-
rithms, a systematic review of the effect of the structural parameters on the 
sensing performance is presented. It has been shown how interpore distance, 
layer thickness, and pore diameter play a major role on the sensitivity of the 
monolayers. Moreover, the effect of pore diameters is supported by experi-
mental data. The conclusions from this analysis showed that, for optimum 
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and fast detection, NAA biosensors should  be manufactured so that interpo-
re distance is kept as small as possible (while still providing pores large 
enough for the accommodation of the receptor and the target analyte), with 
the highest porosity possible that avoids collapsing of the porous structure 
and the smallest layer thickness possible which, for FFT algorithms is 2 µm. 
However, the experimental results also showed that this optimum structure 
resulted in poor resolution of the interferometric oscillations. Nevertheless, 
this issue is also assessed, and can be solved by deposition of a thin layer of 
metal, such as gold, to enhance the oscillatory pattern. 
In chapter V, an innovative NAA structure is presented: the double layer 
interferometer. This optical device allows self-referencing for the correction 
of environmental drifts without requiring a secondary device. After an intro-
ductory section explaining the working principle and the data processing 
required, two possible techniques for self-referencing are discussed: dual 
functionalization and size exclusion. The technique chosen for the design of 
NAA bilayers was size-exclusion for the ability to separate proteins from the 
solvent and address the sole effect of solvent composition during the bio-
sensing experiment. With this purpose, the biosensor design was optimized 
and tested with BSA to determine its size exclusion performance. The re-
sults showed that 30 nm were enough to exclude BSA from the reference 
layer. However, it would be recommended to diminish this diameter even 
further to obtain better excluding performances. As a conclusion, the opt i-
mal structure should consist of a top layer of a 2-µm thick film with the 
highest porosity possible, and a bottom layer consisting of a 4-µm thick film 
with pores with a diameter below 30 nm. Finally, a thin metal deposition on 
the top of the layer would be advisable to enhance the visibility of the osci l-
lations. 
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Chapter VI shows the results of an even more complex structure. This 
structure is a 1-D photonic crystal manufactured by making a smooth sinus-
oidal variation of the refractive index along the pore axis. This structure is 
also known as a rugate filter. This innovative structure was fabricated by an 
innovative procedure developed during the Ph.D. consisting in applying a 
sinusoidal current profile. The effect of ordering, number of sinus cycles, 
apodization, pore widening, period time and aluminum bulk have been ex-
perimentally assessed in order to obtain well resolved reflectance bands. 
Moreover, the structure has been tested to determine its sensitivity to refrac-
tive index by real-time monitorization of the position of the reflectance band 
upon infiltration with DI water and EtOH. Results showed a sensitivity of 
48.8 nm·RIU
-1
. Based on the results, a preliminary optimum structure for 
sensing applications has been proposed. This structure consisted on disor-
dered pores anodized for a total of 50 cycles using a “positively” apodized 
sinusoridal current profile. Also, for full observation of the band, the alumi-
num bulk has to be dissolved. Regarding the porosity, the best h·Q f factor 
achieved was after 5 min of pore widening. However, this should not be 
used as a mandatory condition but as a recommendation and should be mod-
ified in order to supply sufficient space for the diffusion of the target ana-
lyte. 
All the data presented in this work has the potential of enhancing the sen-
sitivity of NAA optical biosensors. By appropriately applying the recom-
mendations arising from the results presented, faster and more sensitive de-
vices may be developed. However, this work just focused on electrostatical-
ly based biosensing surface modification. Therefore, further developments 
in this field should focus on the optimization of surface chemical modifica-
tion and the subsequent covalent attachment of bioreceptors on the pore 
UNIVERSITAT ROVIRA I VIRGILI 
Nanostructural Engineering of Optical Interfero-metric Biosensors Based on Nanoporous Anodic Alumina 
Gerard Macias Sotuela 
Dipòsit Legal: T 772-2015 
Chapter VII 
192 
 
walls in a directional manner. This would significantly improve even further 
the sensitivity and selectivity of the optical biosensors based on NAA. 
As a concluding remark, the humble opinion of the writer is that further 
research in the design of optical biosensors based on NAA should be fo-
cused on improving rugate filters. The work presented here has assessed 
most of the issues but there is still room for improving it. At first sight, this 
may be controversial, as the fabrication procedure is more complex to per-
form. The reason for this remark is based mainly on the simplicity of the 
data processing algorithm. The most accepted procedure for analyzing mono 
and bilayers of NAA is based on applying a FFT and afterwards, monitoring 
the resulting frequency peak whose position is the EOT of the film. This 
algorithm is complex and limits the speed at which the real-time detection 
can be performed due to its computational effort. Moreover, some errors 
may be introduced due to the approximations assumed and the resolution of 
the resulting FFT plot. However, real-time monitorization of rugate filters is 
much simpler, since it avoids mathematical transformation of the raw data. 
Therefore, resolution is just limited by the device (i.e. the spectrophotome-
ter). 
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